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Abstract

As a component of a three-year cooperative effort of the Washington State Department of
Ecology and the National Oceanic and Atmospheric Administration, sediments from 100
locations in northern Puget Sound were tested to determine their relative quality. The purpose of
this survey was to determine the quality of sediments in terms of the severity, spatial patterns,
and spatial extent of chemical contamination, toxicity, and alterations to benthic infauna. The
survey area encompassed the region from Port Gardner Bay north to the US/Canada border,
excluding the San Juan Islands. Surficial sediments were tested and analyzed from each of the
100 locations. Data from the chemical analyses indicated that toxicologically significant
contamination was restricted in scope to a relatively small portion of the region. The spatial
extent of relatively severe contamination varied considerably among chemicals; however, less
than 2% of the area was considered “contaminated” for most substances. Sediments from several
sampling locations within Everett Harbor often had the highest chemical concentrations. In
addition, samples from some stations in Bellingham Bay and other locations scattered throughout
the study area had elevated concentrations of some substances. Data from four kinds of toxicity
tests indicated a similar pattern: the degree of toxicity was highest in samples from Everett
Harbor followed by those from other locations scattered within the survey region. The spatial
extent of significant toxicity ranged from 0% to 5% among the toxicity tests. Wide ranges in
several numerical indices of benthic infaunal structure indicated good correspondence with tests
of toxicity and the concentrations of numerous chemical substances. That is, there was evidence
of altered benthic populations in some areas nearest urban centers. Chemical contamination and
toxicity of sediments were less severe in northern Puget Sound than in many other estuarine areas
studied in the U.S. by NOAA. Results from similar analyses of samples from the central Puget
Sound (sampled in 1998) and southern Puget Sound (sampled in 1999) will be compiled with the
data from northern Puget Sound, to provide a broad-scale evaluation and quantitation of the
spatial scales and patterns in sediment quality throughout the entire region.
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Executive Summary

Numerous studies of Puget Sound have documented the degree of chemical contamination and
associated adverse biological effects within many different urbanized bays and harbors. Data
from previous research have shown that contamination occurred in sediments, water, sea surface
microlayers, fishes, benthic invertebrates, sea birds, and marine mammals in parts of Puget
Sound. In addition, the occurrence of severe toxicity of sediments in laboratory tests, significant
alterations to resident benthic populations, histopathological conditions in the organs of demersal
fishes, reduced reproductive success of demersal fishes and marine mammals, acute toxicity of
sea surface microlayers, and bioaccumulation of toxicants in sea birds and marine mammals
suggested that chemical contamination was toxicologically significant in Puget Sound. None of
the previous surveys, however, attempted to quantify and report the areal or spatial extent of
contamination or toxicant-related effects.

The overall goal of the cooperative program — initiated by the Washington State Department of
Ecology (Ecology) as a part of the Puget Sound Ambient Monitoring Program (PSAMP), and the
National Oceanic and Atmospheric Administration (NOAA) as a part of its National Status and
Trends (NS&T) Program — was to quantify the percentage of Puget Sound in which sediment
quality is significantly degraded. The approach selected to accomplish this goal was to measure
the components of the sediment quality triad at sampling locations chosen with a stratified-
random design. In the first year of this three-year study, one hundred samples were collected
during June-July 1997, at locations selected randomly within 33 geographic strata that covered
the area from Port Gardner Bay near Everett to the US/Canada border (i.e., northern Puget
Sound). Strata were selected to represent conditions near four major urban centers (Everett,
Anacortes, Bellingham, Blaine) and marine areas between these cities. The 33 strata were
determined to encompass an area of 774 km?.

A battery of four toxicity tests was performed on all samples to provide information from a
variety of toxicological endpoints. Results were obtained from an acute test of survival among
marine amphipods exposed to solid phase sediments, a test of fertilization success among sea
urchin gametes exposed to pore waters, a microbial bioluminescence test of metabolic activity in
exposures to organic solvent extracts, and a Cytochrome P450 RGS activity test in exposures to
portions of the same solvent extracts. Chemical analyses were performed on all samples to
quantify the concentrations of trace metals, petroleum constituents, chlorinated pesticides, other
organic compounds, and the physical characteristics of the sediments. Chemical concentrations
were compared to applicable numerical guidelines from NOAA and state criteria for Washington.
Resident benthic infauna were collected to determine the relative abundance, species richness,
species composition, and other characteristics of animals living in the sediments at each site.

Mean percent survival of the amphipods was statistically significantly different from negative
(non-toxic) controls in 13 of the 100 samples. However, none of the results were “highly”
significant (i.e., mean survival less than 80% of Central Long Island Sound (CLIS) controls);
therefore, the spatial extent of toxicity was estimated to be 0% in this test. In the sea urchin
fertilization tests performed with 100% pore waters, 15% of the samples were “highly” toxic
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relative to Redfish Bay, Texas controls. The incidence of toxicity decreased to 8% and 5% in
tests performed with 50% and 25% strength porewater concentrations, respectively. The stations
in which highly significant results were recorded in the three porewater concentrations
represented approximately 5.2%, 1.5%, and 0.8%, respectively, of the study area.

In the microbial bioluminescence (Microtox ™) tests, results from 97 of the 100 samples were
significantly different from the negative controls collected in Redfish Bay, Texas. However, the
control response was determined to be highly unusual relative to those reported in many previous
surveys in which this test was performed. Comparisons of the results with the negative control
had the effect of exaggerating the degree of toxicity in the Puget Sound samples. Therefore,
other procedures more suitable to the Puget Sound data were developed to aid in data
interpretation. Using these, the spatial extent of toxicity in the microbial bioluminescence tests
was determined to be approximately 2.3% of the area (significant response) and 0% of the area
(highly elevated response). Using a similar set of statistical tools, the results of the Cytochrome
P450 RGS assay indicated significant induction in samples representing approximately 2.6% of
the area and highly elevated induction in samples representing 0.03% of the area.

Results of the four toxicity tests indicated a very small proportion (<5.2%) of the survey area (the
total encompassing 774 km?*) was highly toxic. Although the amphipod survival tests failed to
show any samples as highly toxic, the three other tests indicated samples from Everett Harbor
were the most toxic. The Cytochrome P450 RGS and Microtox ™ tests showed a very clear
gradient of increasing toxicity from the entrance to the head of Everett Harbor. Less severe
toxicity was observed in samples from stations scattered throughout the survey area; including
some from Drayton Harbor, Whatcom Waterway, other portions of Bellingham Bay, inner
Padilla Bay, March Point, Fidalgo Bay, Port Susan, and Port Gardner. Sediments from Saratoga
Passage, Possession Sound, and most of Port Gardner Bay were among the least toxic in these
tests.

Based upon results of the same kinds of tests performed by NOAA elsewhere in U.S. estuaries,
sediments from northern Puget Sound were among the least toxic. Highly significant toxicity
was restricted in scope to relatively small strata sampled nearest the urban centers.

Results of chemical analyses indicated that relatively wide ranges in concentrations of some
substances occurred among the 100 samples. However, only a small proportion of the samples
had elevated concentrations of most substances. There were only five samples in which at least
one trace metal concentration equaled or exceeded the State of Washington Sediment Quality
Standard (SQS) and only two samples in which a trace metal concentration equaled or exceeded
a NOAA Effects Range-Median (ERM) value. These stations represented about 13 km?* and

9 km?, respectively, equivalent to approximately 1.7% and 1.2% of the total study area. The state
Cleanup Screening Levels (CSL) for arsenic, copper, and mercury were exceeded in one sample
each. The sums of low and high molecular weight polynuclear aromatic hydrocarbons (PAH)
exceeded respective ERM values in 8 samples and one sample, respectively, representing in both
cases <0.1% of the total area. None of the PAH concentrations exceeded Washington SQS or
CSL levels. Total PCB concentrations exceeded the ERM and the SQS values in the same
sample (inner Everett Harbor), representing <0.1% of the total study area.
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In contrast to this pattern of highly localized contamination and toxicity indicated by most of the
data, concentrations of phenols, phthalate esters, and benzoic acid were elevated above SQS and
CSL values in many of the samples and indicated much more widespread contamination

(i.e., in excess of state standards). Samples with high concentrations of these substances were
collected throughout the area.

Overall, chemical concentrations were highest in sediments from the two most urbanized
embayments: Everett Harbor and Bellingham Bay. This pattern was most evident for several
trace metals and two classes of PAHs. PAH concentrations also were above NOAA Effects
Range-Low (ERL) concentrations in sediments collected in Fidalgo Bay. In contrast to these
patterns, one sample with a very high mercury concentration was collected in southern Boundary
Bay, far from obvious nearby sources.

Although the study was not intended to determine the causes of toxicity in the tests, a number of
statistical analyses were conducted to estimate which chemicals, if any, were correlated with
toxicity. As expected, strong statistical associations between measures of toxicity and complex
mixtures of PAHs, pesticides, phenols, other organic compounds, and several trace metals were
observed. The chemistry-toxicity relationships were most apparent among the samples from
Everett Harbor. It was apparent that the statistical associations observed throughout the study
area were driven in large part by the data from Everett Harbor. Samples from Everett Harbor that
indicated highest toxicity in the Cytochrome P450 RGS, Microtox™, and sea urchin tests also
had high concentrations of PAHs, other organics, and several trace metals. One sample from the
innermost station in Everett Harbor that indicated the highest induction level in the Cytochrome
P450 RGS assay also had quantifiable concentrations of dioxins.

Results of the benthic population analyses indicated a very wide range in abundance and diversity
among sampling stations. Total abundance of benthic infauna ranged over two orders of
magnitude among stations. The abundance of arthropods ranged over four orders of magnitude
from 2062 animals per sample to none. The infauna in sediments from Everett Harbor stations
often were devoid of molluscs and/or echinoderms, had low species richness, and were
dominated by annelids. In contrast, the infauna in samples from some locations in Padilla Bay
were among the most abundant and diverse. Several indices of benthic infauna structure showed
strong statistical associations with the concentrations of several groups of toxicants. For
example, indices of taxa richness and mollusc abundance were negatively correlated with the
concentrations of many organics (particularly mixtures of pesticides) and metals. Benthic
population indices also were correlated significantly with some measures of toxicity. There was
a particularly strong correlation between the results of the sea urchin fertilization tests and the
abundance of echinoderms (the phylum in which sea urchins belong) in the benthos.

Collectively, the data from the chemical analyses, toxicity tests, and benthic analyses indicated
that sediment quality throughout much of the study area was very good. In the majority of
samples, most chemical concentrations were below effects-based numerical guidelines or criteria,
most toxicity tests showed non-significant results, and most benthic populations were abundant
and diverse. Expressed as the proportion of the study area, most indices of sediment quality
indicated that less than 5% of the area was either highly toxic or significantly contaminated.
Sediments from inner Everett Harbor, however, had much higher concentrations of many
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toxicants, were highly toxic in three of the four toxicity tests, and had benthic populations with
low species richness and abundance relative to other sampling locations.

Among the 100 sampling stations, there were eighteen locations (Drayton Harbor, Bellingham
Bay, Padilla Bay, Fidalgo Bay, Everett Harbor, and Port Gardner) in which at least one chemical
concentration exceeded a guideline value, at least one of the toxicity tests indicated highly toxic
conditions, and several indices of benthic community structure showed reduced infaunal diversity
and abundance. Of these eighteen stations, the combined suite of triad data from the nine Everett
Harbor stations and possibly station 97 in Port Gardner display characteristics that provide
“strong evidence of pollution-induced degradation”.

In contrast, 16 of the 100 stations, scattered throughout the study area, display no significant
toxicity or chemistry values, and have a wide range of infaunal parameters that could be
attributed to naturally occurring environmental variables. For these stations, the triad parameters
provide “strong evidence against pollution-induced degradation”. The 66 other stations in the
study area displayed relatively poor correspondence among the data from the three components
of the triad. Additional statistical analyses are required to fully describe the multivariate
relationships among the different types of sediment quality data.

Data from this study conducted in 1997 provide the basis for quantifying changes in sediment
quality, if any, in northern Puget Sound in future years. By using the same sampling and
analytical design and, therefore, generating comparable data, the state of Washington can
measure improvements or losses in sediment quality in terms of the percentage of the area that is
degraded. Data from this area can be merged with those from central Puget Sound (sampled in
1998) and southern Puget Sound (sampled in 1999) to provided an area-wide assessment of the
quality of sediments in the entire Puget Sound Basin.
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Introduction

Project Background

In October 1996, the Washington State Department of Ecology (Ecology) and the National
Oceanic and Atmospheric Administration (NOAA) entered into a three-year Cooperative
Agreement to quantify the magnitude and extent of toxicity and chemical contamination of
sediments in Puget Sound. This agreement combined the efforts of the two agencies’ ongoing
sediment monitoring and assessment programs.

Ecology’s Marine Sediment Monitoring Team (MSMT) has conducted the Sediment Monitoring
Component of the Puget Sound Ambient Monitoring Program (PSAMP) since 1989, utilizing the
Sediment Quality Triad approach (Long and Chapman, 1985). Baseline data were established for
toxicity and chemical contamination of Puget Sound sediments (Llansoé et al., 1998a), and
infaunal invertebrate assemblages were characterized (Llansé et al., 1998b) at 76 selected
monitoring stations throughout Puget Sound. A portion of this baseline work is continuing at a
subset of ten of these original stations.

NOAA’s National Status and Trends (NS&T) Program has conducted bioeffects assessments in
more than 30 estuaries nationwide since 1990 (Long et al., 1996). NOAA'’s surveys use a
random-stratified sampling design and the Sediment Quality Triad approach to determine the
spatial extent and patterns of toxicity, and the relationships among toxicity, chemistry, and
infauna of sediments sampled from strata chosen within an estuary. In 1997, NOAA chose to
initiate these bioeffects assessments in Puget Sound for three reasons: the presence of toxicants
in sufficiently high concentrations to cause adverse biological effects, the lack of quantitative
data on the spatial extent of effects, and the presence and experience of a state-level partner
(Ecology) in performing the study

The current joint PSAMP/NOAA project utilizes NOAA’s random-stratified sampling design
and the Sediment Quality Triad approach for collection and analysis of sediment and infauna in
northern Puget Sound in 1997, central Puget Sound in 1998, and southern Puget Sound in 1999.
Results of the 1997 sampling and analysis efforts are the focus of this report.

Site Description

Puget Sound is a fjord-like estuary located in northwestern Washington. It is bounded by three
major mountain ranges: the Olympics to the west, the mountains of Vancouver Island and the
Coast Mountains to the northwest, and the Cascade Range to the east. The northern end of
Puget Sound is open to the Strait of Juan de Fuca and Strait of Georgia, connecting it with the
Pacific Ocean (Konasewich et al., 1982). The estuary extends for about 130 km from Admiralty
Inlet at the northern end, to Olympia at the southern tip, and varies from 10 to 40 km in width
(Kennish, 1998).



The Puget Sound Basin is glacially scoured, with depths to approximately 300 meters, and has an
area of 2600 km® and a volume of 169 km® (Kennish, 1998). Circulation patterns in Puget Sound
are driven largely by freshwater inputs, tides, and winds. Puget Sound is characterized by a two-
layered estuarine system with marine waters entering the Sound through the Strait of Juan de
Fuca at depths of 100 to 200 m with net surface outflow. The mean residence time for water in
the central basin is approximately 120-140 days, but is much longer in isolated inlets and in
restricted, deep basins (Kennish, 1998). Freshwater enters the Puget Sound estuary via
precipitation, surface runoff, groundwater inflow and various rivers. Major rivers include the
Skagit, Snohomish, Cedar, Duwamish, Puyallup, Stillaguamish, and the Nisqually (Figure 1).
The Skagit, Stillaguamish, and Snohomish rivers account for more than 75% of the freshwater
input into the Sound (Kennish, 1998).

The bottom sediments of Puget Sound are composed primarily of compact, glacially formed clay
layers and relict glacial tills (Crandell et al., 1965). Major sources of sediments to Puget Sound
are derived from shoreline erosion and from river discharge.

The Puget Sound estuary is a highly complex, biologically important ecosystem with numerous

commercial and recreational uses. The Sound is surrounded by both rural and urban areas. The
major urban centers include the cities of Bellingham, Everett, Seattle, Bremerton, Tacoma, and

Olympia (Figure 1).

This report focuses on analyses of sediment samples collected in northern Puget Sound. The
study area (Figure 1) ranged from Boundary Bay at the Canadian border, south through Everett
Harbor, and excluded Admiralty Inlet, eastern Strait of Juan de Fuca, and the San Juan Islands.
Information available for southern Strait of Georgia, the San Juan Islands, Rosario Strait,

Haro Strait, Deception Pass, and eastern Strait of Juan de Fuca indicated they were not likely to
be contaminated or they were not depositional areas. Therefore, they were excluded from the
study area. Also excluded were areas in which water depths were less than 6 feet, to avoid
grounding the sampling vessel. The northern Puget Sound study area included most of the
protected basins of the area and three major urban centers: the cities of Bellingham, Anacortes,
and Everett. This study area also included areas influenced by four major sources of freshwater:
the Nooksack, Skagit, Stillaguamish, and Snohomish Rivers.

Historical Background

Sources of Contaminants in Northern Puget Sound

For more than a century, Puget Sound has been a major repository of various types of wastes
derived from municipal and industrial wastewater discharges, combined sewer overflows
(CSO0Os), storm drains, dumping operations, chemical spills, and urban and agricultural runoff.
These wastes, which include heavy metals, polynuclear aromatic hydrocarbons (PAHs), and
chlorinated hydrocarbons (Barrick et al., 1987; Kennish, 1998), enter northern Puget Sound in
both dissolved and particulate phases from both direct and indirect sources from the Strait of
Juan de Fuca, rivers, streams, runoff and rainwater.
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Specific anthropogenic sources of heavy metal contamination in northern Puget Sound include
sewage effluent, industrial wastewater, municipal wastewater discharge, shipping, land runoff,
automobile emissions, and atmospheric deposition. Sources of PAHs in northern Puget Sound
include sewage and industrial effluents, waste incineration, oil spills, asphalt production,
creosote oil, and the combustion of fossil fuels. Halogenated hydrocarbons, among the most
persistent, ubiquitous, and toxic pollutants found in Puget Sound, have been linked to industrial
and agricultural runoff, sewage effluent, and the use of aerosol propellants, coolants, dry cleaning
fluids, and industrial solvents (Kennish, 1998).

Further details concerning historical sources of chemical contamination and the physical
processes that influence the fate and transport of toxicants in regions of Puget Sound are
available in the following summaries: Brown et al., 1981; Dexter et al., 1981; Barrick, 1982;
Konasewich et al., 1982; Long 1982; Crecelius et al., 1985; and Quinlan et al., 1985.

Toxicant-Related Research in Northern Puget Sound

Numerous studies have generated data on the presence and concentrations of toxicants and their
associated adverse effects in Puget Sound, including measures of contamination, toxicity, and
benthic community effects in sediments. The objectives of most of the historical studies in Puget
Sound were to determine if potentially toxic substances occurred in Puget Sound, to identify
where they occurred, and to measure their adverse biological effects. However, most of these
studies were conducted in central Puget Sound (particularly Elliott and Commencement bays),
and relatively few samples were taken in the current northern Puget Sound study area. The
following is a brief summary of sampling conducted in northern Puget Sound.

In the early 1980’s, studies performed by NOAA through the MESA (Marine Ecosystems
Analysis) Puget Sound Project determined the concentrations of toxic substances and toxicity in
sediments. The studies included a battery of acute and chronic tests performed on samples
collected throughout most of the Puget Sound region. The sediment toxicity surveys were
conducted in a sequence of four phases.

In the first phase (Chapman et al., 1982), samples collected from 97 locations were tested with
several bioassays. The majority of samples were collected within Elliott Bay, Commencement
Bay, and Sinclair Inlet, south of the current study area. In northern Puget Sound, samples were
collected in Birch Bay, and were among the least toxic in the study area. In the second phase of
the study, none of the samples were collected from northern Puget Sound.

In the third phase, 22 samples were collected in Everett Harbor, Bellingham Bay, and Samish
Bay in northern Puget Sound and tested with the same battery of tests used in the first phase of
the studies (Chapman et al., 1984a). Toxicity was less severe in these 22 samples than in
comparable samples from Elliott and Commencement Bays. However, the sediments from
Everett Harbor demonstrated greater toxicity than those from Bellingham Bay, and samples from
Samish Bay were the least toxic.



In the fourth and final phase, sediment quality was determined with the introduction of the
Sediment Quality Triad approach (Chapman et al., 1984b; Long and Chapman, 1985). Matching
chemical, toxicity, and benthic data were compiled to provide a weight of evidence to rank
sampling sites. Data from several locations in Case Inlet and Samish Bay were compared with
data from Elliott and Commencement Bays and Sinclair Inlet. As observed in the preceding
three phases, the data clearly showed a pattern of low sediment quality in samples from the
urbanized areas relative to those from the more rural areas.

Other studies conducted in the 1980’s supported the MESA findings. Numerous analyses of
contaminant exposure and adverse effects in resident demersal fishes were conducted in most of
the urbanized bays and harbors in Puget Sound (Malins et al., 1980, 1982, 1983, 1984). These
studies demonstrated that toxicant-induced, adverse effects such as hepatic neoplasms,
intracellular storage disorders, and lesions appeared most frequently in fish collected in the more
polluted urban harbors of Puget Sound. They also showed that the incidence of these pathologies
was lower in northern Puget Sound fish than in the urban bays of central Puget Sound. The
occurrence of these pathologies in fish could be attributed to the presence of halogenated
compounds, PCBs, chlorinated butadienes and hexachlorobenzenes in Bellingham Bay and high
levels of chlorinated hydrocarbons, halogenated compounds, PCBs, chlorinated butadienes and
hexachlorobenzenes in Everett Harbor. Heavy metals such as copper, lead, zinc and arsenic as
well as organic compounds such as phenols, phthalate, benzoic acid, benzyl alcohol and low
molecular weight PAHs also may have contributed to the presence of pathologies (Malins et al.,
1982).

A study conducted in 1986 by PTI for the U.S. EPA focused on Everett Harbor (PTI, 1989). This
study found that the benthic communities at the inner harbor stations had significantly lower total
abundance, species richness, and a higher incidence of pollution-tolerant species than the outer
harbor and control stations. These findings were supported by sediment bioassays conducted on
the amphipod Rhepoxynius abronius. In contrast to other contaminated embayments of Puget
Sound, such as Elliott Bay and Commencement Bay, where contaminated areas are more
widespread, the study found that the severely contaminated areas of Everett Harbor were
relatively localized, occurring mainly within the East Waterway and near Mukilteo.

The longest term and most extensive sampling of sediment conditions and infaunal invertebrate
communities was conducted by the Puget Sound Ambient Monitoring Program, initiated in 1989.
The program sampled 20 sites in northern Puget Sound, 15 of which were sampled yearly from
1989-95 and 5 that were sampled in 1991 and 1994. This study emphasized the sampling of
relatively uncontaminated sites, and little relationship was reported between benthic community
structure and the low to moderate contaminant levels found at the sampled stations (Striplin,
1988; Llanso et al., 1998a,b).

The Sediment Quality Information System (SEDQUAL) Database
Ecology's Sediment Management Unit has compiled a database that includes sediment data from
over 400 Puget Sound sediment surveys of various sizes and scopes. The Sediment Quality

Information System (SEDQUAL) database includes approximately 420,000 chemical, 120,000
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benthic infaunal, and 23,000 bioassay analysis records from over 5000 sample collection stations
throughout Puget Sound. For the northern Puget Sound study area defined in this report, the
SEDQUAL database currently contains sediment data from 1472 samples (81 surveys) collected
from 1950-1997. These studies showed that elevated concentrations of contaminants usually
occurred near population centers, urban areas and ports such as Bellingham, Everett, and

Port Gardner.

Data compiled in the SEDQUAL sediment contaminant files indicate that many different toxic
chemicals have been detected in northern Puget Sound sediments. Concentrations of 40
compounds exceeded (on one or multiple occasions) Washington State Sediment Quality
Standards (SQS), while 33 exceeded the state's Cleanup Screening Levels (CSL) (Appendix A),
as defined in Washington State's Sediment Management Standards (SMS) Chapter 173-204
WAC. The majority of the sediment samples in which toxicant concentrations exceeded these
state standards in northern Puget Sound were collected in Bellingham Bay and Everett Harbor
(Figures 2a,b). A few others were located in Samish Bay, in the vicinity of Anacortes, and
elsewhere.

Heavy metals such as arsenic, copper, mercury and lead, as well as PAHs, were among the toxins
found in higher concentrations in the SEDQUAL database for Bellingham Bay. Concentrations
of mercury, cadmium, copper, low and high molecular weight PAHs, and dibenzofuran have
often exceeded the Washington State SQS values in previous studies.

Summary

The data available from previous contaminant-related research in northern Puget Sound showed a
consistent pattern of relatively high chemical contamination in Everett Harbor, some portions of
Bellingham Bay, and some areas near Anacortes. The makeup of chemical mixtures differed
among these areas: mercury was consistently found in Bellingham Bay; trace metals and organics
found in Everett Harbor; and PAHs often were detected near Anacortes and March Point.

Compared to the central basin of Puget Sound, relatively little information has been developed on
adverse biological effects in the northern area. Limited toxicity tests of sediments and
histopathological analyses of demersal fishes were conducted, mostly in Everett Harbor and to a
lesser extent in Bellingham Bay. The chemical and bioeffects data suggest that the highest
probabilities of observing toxicant-induced effects would occur in these two embayments. The
data also suggest that only a very small proportion of northern Puget Sound would be
significantly contaminated and toxic.

All of the data from the historical research, collectively, served to identify those regions of
Puget Sound in which the problems of chemical contamination were the worst and in which
management actions of some kind were most needed. However, although these previous studies
provided information on the degree and spatial patterns in chemical contamination and effects,
none attempted to quantify or generate reliable estimates of the spatial scales of chemical
contamination or measures of adverse effects.
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Figure 2a. Map of northern Puget Sound SEDQUAL stations where chemical contaminants in
sediment samples exceeded Washington State Sediment Quality Standards (SQS) and Puget Sound
Marine Sediment Cleanup Screening Levels (CSL). Bellingham area.
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Figure 2b. Map of northern Puget Sound SEDQUAL stations where chemical contaminants in
sediment samples exceeded Washington State Sediment Quality Standards (SQS) and Puget Sound
Marine Sediment Cleanup Screening Levels (CSL). Everett area.



Goals and Objectives

The shared goal of this study for both the PSAMP Sediment Monitoring Component and
NOAA’s nationwide bioeffects assessment program was to characterize the ecotoxicological
condition of sediments, as well as benthic infaunal assemblage structure, as a measure of adverse
biological effects of toxic chemicals in northern Puget Sound. Based upon chemical analyses of
sediments reported in previous studies, it appeared that there were relatively high probabilities
that concentrations were sufficiently high in some regions of the study area to cause acute
toxicity and infaunal assemblage alterations. Data from toxicity tests were intended to provide a
means of determining whether toxic conditions, associated with high concentrations of chemical
pollutants, actually occurred throughout any of the area. Examination of infaunal assemblages
was intended to determine whether sediment chemistry and toxicity conditions are correlated
with patterns in infaunal community structure. Underlying these goals was the intent to use a
stratified-random sampling design that would allow the quantitation of the spatial extent of
degraded sediment quality.

Based on the nature of sediment contamination issues in Puget Sound, and the respective
mandates of NOAA and the state of Washington to address sediment contamination and
associated effects in coastal waters, the objectives of the cooperative assessment of bioeffects in
Puget Sound were to:

1. Determine the incidence and severity of sediment toxicity;
2. ldentify spatial patterns and gradients in chemical concentrations and toxicity;
3. Estimate the spatial extent of chemical contamination and toxicity in surficial sediments;

4. Estimate the apparent relationships between toxicant concentrations, measures of sediment
toxicity, and benthic infaunal assemblage indices; and

5. Compare the quality of sediment from northern, central, and southern Puget Sound measured
in the three phases of this study.

This report includes a summary of the data collected and correlation analyses to examine
chemistry, toxicity, and infaunal relationships. Results of further analyses relating chemistry,
toxicity, and infaunal structure will be reported in a subsequent document.
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Methods

Standardized methods taken from the Puget Sound Estuary Program (PSEP) protocols
(PSEP, 1996a) were followed for the majority of this work. Any deviations from these protocols
are noted below.

Sampling Design

By mutual agreement between Ecology and NOAA personnel, the study area was established in

northern Puget Sound from the USA/Canadian border south to Everett Harbor, and east to either
the 6-ft. isobath or the head of navigation. A stratified-random sampling design similar to those
used in previous surveys conducted nationwide by NOAA (Long et al., 1996) was developed.

This stratified-random sampling approach combines the strengths of a stratified design with the
random-probabilistic selection of sampling locations. Data generated within each stratum can be
attributed to the dimensions of the stratum. Therefore, these data can be used to estimate the
spatial extent of toxicity with a quantifiable degree of confidence (Heimbuch et al., 1995). Using
best professional judgement, strata boundaries were established by project managers to coincide
with the dimensions of major basins, bays, inlets, waterways, etc. in which hydrographic,
bathymetric and sedimentological conditions were expected to be relatively homogeneous.

The study area was subdivided into 33 irregular-shaped strata (Table 1, Figure 3a). One hundred
stations were sampled: three stations within each of 32 strata and four stations within one large
stratum in the northern part of the study area (Figures 3b-3h).

Large strata were established in open waters where toxicant concentrations were expected to be
uniformly low (e.g., Boundary Bay, Samish Bay, Saratoga Passage). This approach provided the
least intense sampling effort in areas known or suspected to be relatively homogeneous in
sediment type, water depth, and current conditions, and are distant from contaminant sources. In
contrast, smaller strata were established in urban and industrial harbors nearer suspected sources
in which conditions were expected to be heterogeneous or transitional (e.g., Bellingham Bay,
Everett Harbor, Anacortes/March Point). As a result, sampling was more intense in the smaller
strata than in the larger strata. The larger strata were roughly equivalent in size to each other, as
were the smaller strata. With this sampling design, results from relatively small strata in which
degraded or heterogeneous conditions were expected, had a relatively minor effect upon the
estimates of the spatial extent of contamination and toxicity. This study was not designed to
address small-scale contamination near problem sources, nor intertidal or shallow subtidal
sediments.
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Table 1. North Puget Sound sampling strata for the PSAMP/NOAA Cooperative
Agreement Bioeffects Survey.

Stratum Area % of Total Area
Number Stratum Name (kmz) (773.9 kmz)
1 Drayton Harbor 16.68 2.16
2 Semiahmoo Bay - mouth of Drayton Harbor to 3291 4.25

west boundary of Semiahmoo Bay
3 Boundary Bay (west) - west of Semiahmoo Bay 26.46 342
4 Boundary Bay (south) - southern edge 97.09 12.55
5 Birch Bay - from Birch Point to Whitehorn Point 14.22 1.84
6 Cherry Point - Whitehorn Point to Sandy Point 18.57 240
7 Bellingham Bay (north) 9.51 1.23
8 Bellingham Bay - west downtown Bellingham, 3.81 0.49
including waterways and marinas
9A  Bellingham Bay - east downtown Bellingham, 3.72 0.48
including waterways and marinas
9B  Bellingham Bay - just south of stratum 9a 6.03 0.78
10 Bellingham Bay - just south of stratum 9b, along 7.41 0.96
the south shoreline
11 Bellingham Bay (central) 25.77 3.33
12 Bellingham Bay - to south end of Lummi Island 56.88 7.35
13 Samish Bay/Bellingham Bay 64.11 8.28
14 Padilla Bay (inner) - shallow eastern boundary 13.14 1.70
15 Padilla Bay (outer) 21.69 2.80
16  March Point 2.07 0.27
17 Fidalgo Bay (inner) - 48°30’north down to trestle 2.52 0.33
18  Fidalgo Bay (outer) - to entrance of Anacortes 2.82 0.36
19 March Point - north of March Point to east end of 3.72 0.48

Guemes Channel
20 Guemes Channel - this stratum was eliminated during the course of sampling
due to the rocky nature of the substratum

21 Skagit Bay 31.41 4.06
22 Saratoga Passage (north) 40.95 5.29
23 Oak Harbor 1.23 0.16
24 Penn Cove 9.18 1.19
25 Saratoga Passage (middle) 52.17 6.74
26  Saratoga Passage (south) 51.24 6.62
27 Port Susan 61.20 7.91
28  Possession Sound 60.63 7.83
29 Everett Harbor (inner) 0.15 0.02
30 Everett Harbor (middle) 0.18 0.02
31 Everett Harbor (outer) 0.36 0.05
32 Port Gardner 28.95 3.74
33 Snohomish River delta — including Steamboat and ~ 7.11 0.92
Ebey Sloughs

12



Boundary Bay \\
| 2

3 I Blaine
: -‘ 1 Drayton ‘
Galns \ Harbor
Roberts 4
Birch N
Bay,
z 3 =z ) 5 10
%,
s kilometers
[a)
Strait of ks 2
Georgia Yo,
Bellingham

g Bay
B! \ 8
Lummi ¢
< Bay /7 ".\b 7., Bellingham
) =
Samish

Bay

| pa
it g\‘fe
Padilla Skag'
Bay

Mount

o
‘Guemes

Islans
ot

Shaw
Island % 20 ’
.
Lopez
Island e q
Fidalgo
W\;(y Island

Island

Vernon
Fir I1sland
Whidbey Island
Strait of
Juan De Fuca 23 ‘
>
&
24 7 Skagit
Bay
w - } Camano

Port
Townsend
Possession
Sound
& 33
L=
verett
/,.*‘-\\\_&
Olympic y.
Peninsula = 29, 30, & 31

Figure 3a. Northern Puget Sound sampling strata for the PSAMP/NOAA
Cooperative Agreement Bioeffects Survey, all strata.

13



poirt 3.1 (#7) Of o 221
Roberts O

3.3 (#9) 2.1 (#4)

O 42 @#11)

O 43(#12)

Slrail ol Georgia

‘ Sandy Point
0 1 2 3 4 Lummi
Bay
kilometers

Migley Point 2\

Figure 3b. Northern Puget Sound sampling strata for the PSAMP/NOAA
Cooperative Agreement Bioeffects Survey, strata 1 through 6. (Strata numbers
are shown in bold. Stations are identified as “stratum.station(sample)”).

14



Y 9A.2 (#27)

QOF9B.1 (#59
Bellingham Bay 10.1(#29) £O Q‘.“’( gB_zg#eog
O1 1.1 (#32) j 10.3(#31)
11 10.2(#30) .

11.3(#34
: C)) O 112#33)

Post

Bay

Portage
Island

Chuckanut
Bay

O 12.2(#36)

Eliza Island
O 12.1 (#35)

Rosario
Strait

kilometers

(/—@clair Island

Figure 3c. Northern Puget Sound sampling strata for the PSAMP/NOAA
Cooperative Agreement Bioeffects Survey, strata 7 through 12. (Strata numbers
are shown in bold. Stations are identified as stratum.station(sample)”).

15



Lummi i
Island Eliza
Island

Carter
Point

O 13.2 (#39)

o 131(#38

13

Q O

Vendovi
Island

Sinclair
Island

13.3 (#40)

William
Paint

Samish
Bay

)
< @
2 Jack @)
Cypress = sland 15.1 (#44)
Island 3 15
o
I
g [ auemes 192 (#57

Island

19.1 (#56)—
Guemes T £ ) ‘
Channel xx‘f:‘a N
’\%-‘?’ \ 4 %) o1 2
kilometers

Anacortes

17.1 (#50

17.3 (#52) \‘\ é

j 17.2 (#51) 3
7

;} Burrows Fidalgo

Bay Island

Padilla
Bay

Similk
Bay

Figure 3d. Northern Puget Sound sampling strata for the PSAMP/NOAA
Cooperative Agreement Bioeffects Survey, strata 13 through 20. (Strata numbers
are shown in bold. Stations are identified as stratum.station(sample)”).

16



J
N
0 1 2 3

— —
kilometers

Deception
Pass

Fidalgo
Island

Rosario
Strait
Dufualla Q/
SIS N
Island
Whidbey
Island
& Skagit
®© B
{;\ N 21.2 (#63) ay D
Oak Vv 07
Harbor Vv
A ) e N\
23.2 (#69) .\ 21.1 (#62)
Polnell
Maylor Point
B
22.1 (465) [ o 22
24.2 (#72) O 222 (#66)
24.3 (#73 O 223 #67)
(_/_~ Camano
\ & Island

Port

Saratoga
Susan

Passage

24.1 (#71)

Figure 3e. Northern Puget Sound sampling strata for the PSAMP/NOAA
Cooperative Agreement Bioeffects Survey, strata 21 through 24. (Strata numbers
are shown in bold. Stations are identified as “stratum.station(sample)”).

17



Stanwood
Camano
o Island
25.1 (#74)
25
[0
2
™o
S
[{=
® 27.1 (#80)
@) 25.3 (#76) \
\ =
25.2 (#75)

O

kilometers

Lowell
Point
26.1 (#77)
26
Rocky
Point

Tulalip
Bay

26.3 (#79) ©

O Camano
6.2 (#78)

Head

=
o
3
@
1]
2
)
=
S
5]
=

v
5 \\e”wp
1

Possession
Sandy
Point

Sound
Whidbey

Island Gedney
Island

Figure 3f. Northern Puget Sound sampling strata for the PSAMP/NOAA Cooperative
Agreement Bioeffects Survey, strata 25 through 27. (Strata numbers are shown in
bold. Stations are identified as “stratum.station(sample)”).

18



Possession

Sound
29.2 (#87)
Waterway
30.2 (#90)
30.1 (#89)
30.3 (#91)
Everett
31.1 (#92)

Port
Gardner 31.2 (#93)

31.3 (#94)

J
N

0 100 200 300
— e—

meters

Figure 3g. Northern Puget Sound sampling strata for the PSAMP/NOAA
Cooperative Agreement Bioeffects Survey, strata 29 through 31. (Strata numbers
are shown in bold. Stations are identified as “stratum.station(sample)”).

19



Camano
Island

Tulalip /

Bay ) )
O@@ .
5’«)
- vey o
33.3 (#100) o~ . @ e
28.3 (#85) Possession priest /C Ve -
Sound Point N steamboat Sloy
Smith
Island
28.1 #(83) 33 (
Gedney 33.1 (#98) DO
Island
33.2 (#99)
28.2 (#84) 2
( C)) 8 Everett
32.3 (#97) O

doe‘

L G2
32 oo
O 321 (#95)

32.2 (oe) ©

Whidbey
Island

J
N

Mukilteo

kilometers

Figure 3h. Northern Puget Sound sampling strata for the PSAMP/NOAA
Cooperative Agreement Bioeffects Survey, strata 28, 32, 33. (Strata numbers are
shown in bold. Stations are identified as “stratum.station(sample)”).

20



Within the boundaries of each stratum, all possible latitude/longitude intersections had equal
probabilities of being selected as a sampling location. The locations of individual sampling
stations within each stratum were chosen randomly using GINPRO software, developed by
NOAA, applied to digitized navigation charts. Four alternate locations were provided for each
station. The coordinates for each alternate were provided in tables and were plotted on the
appropriate navigation chart. During June and July of 1997, sediment sampling at coordinates
for each station was attempted until one sediment sample could be adequately obtained at each of
the 100 stations. Because the station locations were chosen randomly, they were not uniformly
distributed within the boundaries of each stratum (Figs. 3b-3h). In some cases the three locations
were clustered near each other, while in other areas they were scattered more uniformly
throughout the stratum. Final station coordinates are summarized in the navigation report
(Appendix B).

Sample Collection

The 42’ research vessel Kittiwake was used to collect the sediment samples. Differential Global
Positioning System (DGPS) with an accuracy of better than 5 meters was used to position the
vessel at the station coordinates. During the course of sampling, there were a few cases where
the first set of station coordinates provided were inaccessible, or only rocks, cobble, shell hash,
or woody debris were present at the station. In those cases, the first set of coordinates was
rejected and the alternate station coordinates were sampled. In most cases, the first or second
alternates were acceptable and were sampled. However, at Stratum 20, Guemes Channel, only
rocks and cobble were encountered at all station alternates, and it was necessary to delete the
entire stratum. As a replacement, stratum 9 was subdivided into 9a and 9b, and new random
coordinates were generated for station locations within these two strata.

Prior to sampling each station, all sampling equipment was washed with seawater, Alconox soap
and rinsed with seawater and acetone. Sediment samples were collected using a double 0.1 m*
stainless steel modified van Veen grab sampler, allowing a chemistry/bioassay sediment sample
to be collected simultaneously with a benthic infauna sediment sample. Upon collection by the
grab, the sample was visually inspected to determine if the surface of the sample was
undisturbed, and if there were enough fine-grained particles in the sediment. If the sample was
accepted, station information and a number of visually descriptive assessments and
measurements were recorded in field logs.

From one side of the sampler, one grab sample per station was collected for benthic infaunal
analyses. All infaunal samples were rinsed through, and organisms retained from, nested

1.0 and 0.5-mm screens. Organisms were preserved in the field with a 10% aqueous solution of
borax-buffered formalin.

From the other side of the sampler, sediment was removed for chemistry and toxicity analyses
using a disposable high-density polyethylene (HDPE) scoop. The top two to three centimeters of
the sediment was sampled to ensure the collection of recently deposited materials. The sampler
was deployed three to six times until a sufficient volume of sediment was collected for all
chemistry and toxicity analyses. Sediments were composited in a HDPE plastic bucket, and
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homogenized by stirring until textural and color homogeneity were achieved. Homogenized
sediment was then transferred to individual sample containers appropriate for each chemistry and
toxicity analysis. Between grab deployments, the bucket was covered with an inner teflon lid
placed on the sediment surface, as well as a top lid, to minimize contamination, oxidation, and
photo-activation.

Field quality control sampling for chemistry and toxicity sediment samples included collection of
split samples (a double volume sample, homogenized and split into two aliquots) at 5 stations,
and one field blank collected (i.e., a jar containing “clean” sediments exposed to the atmosphere)
and analyzed for PAH levels to assess whether diesel exhaust from the boat contributed any
measurable contamination to the samples.

In the field, samples for chemical and bioassay analyses were stored in sealed containers placed
in insulated chests filled with ice. Chemistry and toxicity samples were off-loaded from the
research vessel and transferred to a walk-in refrigerator at Ecology’s headquarters building in
Olympia. There, they were held at 4°C until they were transported to Ecology’s Manchester
Environmental Laboratory for chemistry analyses or to NOAA’s bioassay contractors for toxicity
testing. The formalin-fixed sediment samples collected for infaunal analyses were transported to
the benthic laboratory at Ecology’s headquarters building in Olympia to await rescreening. All
appropriate sample-holding times were observed. Chain-of-custody procedures followed those
recommended by the PSEP (1996¢). These procedures were initiated when the first sample was
collected and were followed until all samples were relinquished to the appropriate analytical
laboratory.

Laboratory Analyses

Sediment analyses included three monitoring elements. Toxicity testing was conducted using
four independent tests of sediment toxicity including: 10-day solid phase tests of amphipod
survival (Ampelisca abdita); porewater tests of sea urchin egg fertilization (Strongylocentrotus
purpuratus); microbial bioluminescence (Microtox™) tests of an organic solvent sediment
extract; and Cytochrome P450 RGS tests of sediment extracts. Chemical analyses quantified 169
parameters and chemical compounds in the sediments. Taxonomic identification and
enumeration of the benthic infaunal macroinvertebrates were used to determine the composition
of assemblages present in the sediment samples collected. Laboratory methods used to analyze
these monitoring elements are described below.

Toxicity Testing

Multiple toxicity tests were performed on aliquots of each sample to provide a weight of
evidence. Tests were selected for which there were widely accepted protocols for each of three
different phases (partitions) of the sediments, including amphipod survival (solid phase), sea
urchin fertilization (pore water), and microbial bioluminescence and Cytochrome P450 RGS
(organic solvent extract). Toxicological endpoints were selected that would represent a range in
response from acute mortality to physiological impairment.
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Amphipod Survival - Solid Phase

Amphipod survival tests are the most widely and frequently used assays in sediment evaluations
performed in North America. They are performed with adult crustaceans exposed to relatively
unaltered bulk sediments. In previous surveys performed by the NS&T Program (Long et al.,
1996), Ampelisca abdita has shown relatively little sensitivity to “nuisance” factors such as grain
size, ammonia, and organic carbon. This test has also provided wide ranges in responses among
samples, strong statistical associations with elevated toxicant levels, and small within-sample
variability.

Ampelisca abdita is a euryhaline benthic amphipod that ranges from Newfoundland to south
central Florida, and along the eastern coast of the Gulf of Mexico. Along the Pacific coast it is
abundant in San Francisco Bay. The A. abdita bulk sediment test has routinely been used for
sediment toxicity tests in support of numerous EPA programs, including the Environmental
Monitoring and Assessment Program (EMAP) in the Virginian, Louisianian, Californian, and
Carolinian provinces (Schimmel et al., 1994).

Amphipod survival tests were conducted by Science Applications International Corporation,
(SAIC) in Narragansett, R.I. All tests were initiated within 10 days of the date samples were
collected. Samples were shipped by overnight courier in 4-liter high-density polyethylene jugs
which had been washed, acid-stripped, and rinsed with de-ionized water. Sample jugs were
packed in shipping coolers with blue ice. Each was inspected to ensure they were within
acceptable temperature limits upon arrival and stored at 4°C until testing was initiated. Prior to
testing, sediments were mixed with a stainless steel paddle and press-sieved through a

1.0-mm mesh sieve to remove debris, stones, resident biota, etc.

Amphipods were collected by SAIC from tidal flats in the Pettaquamscutt (Narrow) River, a
small estuary flowing into Narragansett Bay, RI. Animals were held in the laboratory in
pre-sieved uncontaminated ("home") sediments under static conditions. Fifty percent of the
water in the holding containers was replaced every second day when the amphipods were fed.
During holding, A. abdita were fed laboratory-cultured diatoms (Phaeodactylum tricornutum).
Control sediments were collected by SAIC from the Central Long Island Sound (CLIS) reference
station of the U.S Army Corps of Engineers, New England Division. These sediments have been
tested repeatedly with the amphipod survival test and other assays and found to be non-toxic
(amphipod survival has exceeding 90% in 85% of the tests) and uncontaminated (Long et al.,
1996). Sub-samples of the CLIS sediments were tested along with each series of samples from
northern Puget Sound.

Amphipod testing followed the procedures detailed in the Standard Guide for conducting 10-day
Static Sediment Toxicity Tests with Marine and Estuarine Amphipods (ASTM, 1992). Briefly,
amphipods were exposed to test and negative control sediments for 10 days with 5 replicates of
20 animals each under static conditions using filtered seawater. Aliquots of 200 mls of test or
control sediments were placed in the bottom of the one-liter test chambers, and covered with
approximately 600 mls of filtered seawater (28-30 ppt). Air was provided by air pumps and
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delivered into the water column through a pipette to ensure acceptable oxygen concentrations,
but suspended in a manner to ensure that the sediments would not be disturbed.

Temperature was maintained at approximately 20°C by a temperature-controlled water bath.
Lighting was continuous during the 10-day exposure period to inhibit the swimming behavior of
the amphipods. Constant light inhibits emergence of the organisms from the sediment, thereby
maximizing the amphipod's exposure to the test sediments. Information on temperature, salinity,
dissolved oxygen, pH and ammonia in test chambers was obtained during tests of each batch of
samples to ensure compliance within acceptable ranges. Ammonia concentrations were
determined in both pore waters (day O of the tests) and overlying waters (days 2 and 8 of the
tests). Concentrations of the unionized form of ammonia were calculated, based upon measures
of total ammonia, and concurrent measures of pH, salinity and temperature.

Twenty healthy, active animals were placed into each test chamber, and monitored to ensure they
burrowed into sediments. Non-burrowing animals were replaced, and the test initiated. The jars
were checked daily, and records kept for number of animals that were dead, floating on the water
surface, emerged on the sediment surface, or in the water column. Those on the water surface
were gently freed from the surface film to enable them to burrow. Dead amphipods were
removed.

Tests were terminated after ten days. Contents of each of the test chambers were sieved through
a 0.5 mm mesh screen and examined under a stereomicroscope for the presence of amphipods.
Total amphipod mortality was recorded for each test replicate.

A positive control (reference toxicant) test was used to document the sensitivity of each batch of
test organisms. The positive control consisted of 96 hr water-only exposures to sodium dodecyl
sulfate (SDS). LC50 values were calculated for each test run with results from tests of five SDS
concentrations. Control charts provided by SAIC showed consistent results in tests of both the
positive and negative controls.

Sea Urchin Fertilization - Pore Water

Tests of sea urchin fertilization have been used in assessments of ambient water and effluents
and in previous NS&T Program surveys of sediment toxicity (Long et al., 1996). Test results
have shown wide ranges in responses among test samples, excellent within-sample homogeneity,
and strong associations with the concentrations of toxicants in the sediments. This test combines
the features of testing sediment pore waters (the phase of sediments in which dissolved toxicants
are highly bioavailable) and exposures to early life stages of invertebrates (sperm cells) which
often are more sensitive than adult forms. Tests of sediment porewater toxicity were conducted
with the Pacific coast purple urchin Strongylocentrotus purpuratus by the U.S. Geological
Survey laboratory in Corpus Christi, Texas.

Sediments from each sampling location were shipped by overnight courier in one-gallon high-
density polyethylene jugs chilled in insulated coolers packed with blue ice. Upon arrival at the
laboratory, samples were either refrigerated at 4°C or processed immediately. All samples were
processed (i.e., pore waters extracted) within 10 days of the sampling date.
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Pore water was extracted from sediments with a pressurized squeeze extraction device (Carr and
Chapman, 1995). After extraction, porewater samples were centrifuged in polycarbonate bottles
(@1200 G for 20 minutes) to remove any particulate matter. The supernatant was then frozen at
-20°C. Two days before the start of a toxicity test, samples were moved from a freezer to a
refrigerator at 4°C, and one day prior to testing, thawed in a tepid (20°C) water bath.
Experiments performed by USGS have demonstrated no effects upon toxicity attributable to
freezing and thawing of the porewater samples.

Tests followed the methods described previously (Carr and Chapman, 1995; Carr et al., 1996a;
Carr, 1998) and USGS SOP F10.6, developed initially for Arbacia punctulata, but adapted for
use with S. purpuratus. Unlike A. punctulata, adult S. purpuratus cannot be induced to spawn
with electric stimulus. Therefore, spawning was induced by injecting 1-3 ml of 0.5 M potassium
chloride into the coelomic cavity. Tests with S. purpuratus were conducted at 15°C; test
temperatures were maintained by incubation of the pore waters, the dilution waters and the tests
themselves in an environmental chamber. Adult S. purpuratus were obtained from Marinus
Corporation, Long Beach, CA. Adult A. punctulata, used in inter-species comparisons on some
samples were obtained from Gulf Specimen Co., Panacea, FL. Pore water from sediments
collected in Redfish Bay, Texas, an area located near the testing facility, were used as negative
controls. Sediment pore waters from this location have been determined to be non-toxic in this
test in many repeated trials (Long et al., 1996). Each of the porewater samples was tested in a
dilution series of 100%, 50%, and 25% of the water quality (salinity)-adjusted sample with

5 replicates per treatment. Dilutions were made with clean, filtered (0.45 um), Port Aransas
laboratory seawater, which has been shown in many previous trials to be non-toxic. A dilution
series test with SDS was included as a positive control.

Sample temperatures were maintained at 15+1° C. Sample salinity was measured and adjusted to
30+1 ppt, if necessary, using purified deionized water or concentrated brine. Other water quality
measurements were made for dissolved oxygen, pH, sulfide and total ammonia. Temperature
and dissolved oxygen were measured with YSI meters; salinity was measured with Reichert or
American Optical refractometers; pH, sulfide and total ammonia (expressed as total ammonia
nitrogen, TAN) were measured with Orion meters and their respective probes. The
concentrations of un-ionized ammonia (UAN) were calculated using respective TAN, salinity,
temperature, and pH values.

For the sea urchin fertilization test, 50 pL of appropriately diluted sperm were added to each vial,
and incubated at 15+1°C for 30 minutes. One milliliter of a well-mixed dilute egg suspension
was added to each vial, and incubated an additional 30 minutes at 15+ 1°C. Two milliliters of a
10% solution of buffered formalin was added to stop the test. Fertilization membranes were
counted, and fertilization percentages calculated for each replicate test.

Because porewater toxicity tests had been performed with Arbacia punctulata in most areas
NOAA has surveyed and S. purpuratus (native to Puget Sound) were selected for use in this
survey, experiments were performed by the USGS to determine the relative sensitivity of the two
species. Eleven samples (ten from Puget Sound plus the Redfish Bay control) were tested with
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both species using appropriate protocols. Fertilization success was determined in all 11 samples
at each of the porewater concentrations.

In addition to this comparative study, another was conducted to determine the relative
sensitivities of S. purpuratus and A. punctulata. A series of five reference toxicant tests were
performed with both species. Tests were conducted with copper sulfate, PCB Arohlor 1254,

2, 4’-DDD, phenanthrene, and naphthalene in seawater. In these tests, reference toxicant
solutions were mixed using 0.45 pm filtered seawater to which a measured amount of toxicants
was dissolved. Organic contaminants were first dissolved in HPLC grade methanol before
addition to seawater to facilitate maximum solubility. Final concentrations of methanol in
solution never exceeded 1%. A copper stock solution was prepared by measuring 2.94 mg of
CuS0O4:5H20 (1 mg Cu/mL) and diluting it in 1 liter of filtered seawater. A subsequent

1:50 dilution was prepared to arrive at an intial concentration of 20pug Cu/L. Nominal initial
concentrations of the reference contaminants were: 20ug Cu/L as CuSO4:H20; 5 ug Arohlor
1254/L; 20 pug 2, 4’-DDD/L; Smg phenanthrene/L; and 20 mg naphthalene/L. Stock solutions
were stirred for 25 h prior to serial dilution for testing. Each toxicant was tested at 9 separate
50% serial dilutions from the initial concentration. The phenanthrene stock solution was
centrifuged and decanted prior to dilution to remove suspended undissolved material.
Subsamples of the stock concentrations and/or the first and second dilutions were subsampled
following testing. Organic contaminant samples were preserved with 10ml of HPLC grade
hexane while Cu solutions were acidified to a pH of 2. Samples were sent on ice to the USGS
analytical laboratory in Columbia, MO, for chemical analyses. Copper analyses were performed
with a Perkin-Elmer Zeeman 3030 AA Spectrometer equipped with a graphite furnace. Organic
toxicants were analyzed with gas chromatography following USGS SOPs C5.154 and C4.196.

Microbial Bioluminescence (Microtox™) - Organic Solvent Extract

This is a test of the relative toxicity of sediment extracts prepared with an organic solvent, and is
immune to the effects of environmental factors such as grain size, ammonia and organic carbon.
Organic toxicants and, to a lesser degree, trace metals that may or may not be readily bioavailable
are extracted with the organic solvent. This test can therefore be considered as indicative of the
potential toxicity of mixtures of substances bound to the sediment matrices. In previous NS&T
Program surveys, the results of Microtox™ tests have shown extremely high correlations with
the concentrations of mixtures of organic compounds. Microtox™ tests were run by the U.S.
Geological Survey laboratory in Columbia, MO, on extracts prepared by Columbia Analytical
Services (CAS) in Kelso, WA.

The Microtox™ assay was performed with dichloromethane (DCM) extracts of sediments
following the basic procedures used in testing Puget Sound sediments (U.S. EPA, 1986, 1990,
1994) and Pensacola Bay sediments (Johnson and Long, 1998). All sediment samples were
stored in the dark at 4°C for 5-10 days before processing was initiated. A 3-4 g sediment sample
from each station was weighed, recorded, and placed into a DCM rinsed 50 mL centrifuge tube.
A 15 g portion of sodium sulfate was added to each sample and mixed. Pesticide grade DCM
(30 ml) was added and mixed. The mixture was shaken for 10 seconds, vented and tumbled
overnight.
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Sediment samples were allowed to warm to room temperature and the overlying water discarded.
Samples were then homogenized with a stainless steel spatula, and 15-25 g of sediment were
transferred to a centrifuge tube. The tubes were spun @ 1000 G for 5 min. and the pore water
was removed using a Pasteur pipette. Three replicate 3-4 g sediment subsamples from each
station were placed in mortars containing a 15 g portion of sodium sulfate and mixed. After

30 min, subsamples were ground with a pestle until dry. Subsamples were added to 50 mL
centrifuge tubes, and 30 mL of DCM were added to each tube and shaken to dislodge sediments.
Tubes were shaken overnight on an orbital shaker at a moderate speed, then centrifuged at

500 g for 5 min and the sediment extracts transferred to Turbovap™ tubes. Next, 20 mL of
DCM was added to sediment, shaken by hand for 10 seconds, and spun @ 500 G for 5 min. The
previous step was repeated once more and all three extracts were combined in the Turbovap™
tube. Sample extracts were then placed in the Turbovap™ and reduced to a volume of 0.5 mL.
The sides of the Turbovap™ tubes were rinsed down with methylene chloride and again reduced
to 0.5 mL. Then, 2.5 mL of dimethylsulfoxide (DMSO) were added to the tubes which were
returned to the Turbovap™ for an additional 15 min. Sample extracts were then placed in clean
vials and 2.5 mL of DMSO were added to obtain a final volume of 5 mL DMSO.

A suspension of luminescent bacteria, Vibrio fischeri (Azur Environmental, Inc.), was thawed
and hydrated with toxicant-free distilled water, covered and stored in a 4°C well on the
Microtox™ analyzer. An aliquot of 10 uL of the bacterial suspension was transferred to a test
vial containing the standard dilutant (2% NaCl) and equilibrated to 15°C using a temperature-
controlled photometer. The amount of light lost per sample was proportional to the toxicity of
that test sample. To determine toxicity, each sample was diluted into four test concentrations.
Percent decrease in luminescence of each cuvette relative to the reagent blank was calculated.
Light loss was expressed as a gamma value and defined as the ratio of light lost to light
remaining.

Because organic sediment extracts were obtained with DCM, a strong non-polar solvent, the final
extract was evaporated and redissolved in DMSO. DMSO was compatible with the Microtox™
system because of its low test toxicity and good solubility with a broad spectrum of apolar
chemicals (Johnson and Long, 1998). The log of gamma values from these four dilutions was
plotted and compared with the log of the samples' concentrations. The concentrations of the
extract that inhibited luminescence by 50% after a 5-minute exposure period, the EC50 value,
was determined and expressed as mg equivalent sediment wet weight. Data were reduced using
the Microtox™ Data Reduction software package. All EC50 values were average 5-min readings
with 95% confidence intervals for three replicates.

A negative control (extraction blank) was prepared using DMSO, the test carrier solvent. A
phenol standard (45 mg/L phenol) was run after re-constitution of each vial of freeze-dried

V. fischeri. Tests of extracts of sediments from the Redfish Bay, Texas, site used in the urchin
tests also were used as negative controls in the Microtox™ tests.

In addition to conducting the Microtox™ assay on sediment extracts prepared with an organic
solvent, the solid-phase variant of the Microtox™ bioluminescence test was also run on

10 samples from northern Puget Sound plus the Redfish Bay control. This solid-phase test was
conducted to facilitate comparison of the results with those from the solvent extract tests. This
test was run with solid-phase sediments suspended in water.
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Cytochrome P450 RGS - Organic Solvent Extract

This is an assay of the light produced by luciferase in a reporter gene system (RGS) of cultured
human liver cells. These tests were run by the Columbia Analytical Services, Inc. laboratory in
Carlsbad, CA on sediment extracts prepared by their laboratory in Kelso, WA. The assay has
been highly responsive to the presence of mixed-function oxidase inducers such as dioxins,
furans, high molecular weight PAHs, and co-planar PCBs in tissues and sediments

(Anderson et al., 1995). Therefore, the RGS assay provides an estimate of the presence of
contaminants bound to sediments that could produce chronic and/or carcinogenic effects in
benthic biota and/or demersal fishes if they occupy the sediments (Anderson et al., in press;
Jones et al., in press)

In these tests, standard protocols (Anderson et al., 1995, 1996; ASTM, 1997; APHA, 1996) were
followed to ensure comparability with data derived for other areas. Approximately 20 g of
sediment from each station were extracted using EPA method 3550 to produce 1mL of
DCM/extract mixture. Extracts were exchanged into DMSO to produce sufficient amount of
extracts for triplicate Microtox ™ and RGS tests. Small portions of these samples (15 uL) were
applied to approximately one million human liver cells contained in three replicate wells with
2 mL of culture medium. After 16 h of incubation, the cells were washed, then lysed, and the
solution centrifuged. Fifty uL of the supernatant were transferred to a 96 well plate, luciferin
was added, and luminescence in relative light units (RLU) was measured using a luminometer.
Solvent blanks and the reference toxicants (2, 3, 7, 8 - dioxin and benzo[a]pyrene) were tested
with each batch of samples.

Mean RLU, standard deviation, and coefficient of variation of three replicate analyses of each
test solution were recorded. Enzyme induction was calculated as the mean RLU of the test
solution divided by the mean RLU of the solvent blank. From a long-term control chart, the
running average enzyme induction for 1 ng/mL dioxin was approximately 105, and the enzyme
induction from 1 pg/mL of benzo[a]pyrene (B[a]P) was approximately 60. Data were converted
to ug of B[a]P Equivalents per g of sediment. Because 15 pL of the 2mL extracts were used in
these tests, the volume factor used in this survey was 133.3. Final division by the dry weight,
which was calculated using percent solids of the 20 g samples, yielded b[a]p equivalents in pg/g.
Also, by multiplying the enzyme induction produced by the sample by the volume factor (133.3),
then dividing by 1000 to convert pg to ng and the dry weight of the sample, toxic equivalency
quotients (TEQs) were calculated in ng/g. Tests were run with clean extracts spiked with
tetrachlorodibenzo-p-dioxin (TCDD) and b[a]p to ensure compliance with results of previous
tests. RGS assays were performed on the Redfish Bay extract as a negative control.

Chemical Analyses

Laboratory analyses were performed for 171 parameters and chemical compounds (Table 2),
including 94 trace metals, pesticides, hydrocarbons and selected normalizers (i.e., grain size,
total organic carbon) that are routinely quantified by the NS&T Program, plus simultaneously-
extracted metals/acid volatile sulfides. An additional 27 compounds were required by Ecology to
ensure comparability with previous PSAMP and enforcement studies. Fifty additional
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Table 2. Chemical and physical analyses conducted on sediments collected from

northern Puget Sound.

Related Parameters

Acid volatile sulfides/simultaneously
extracted metals

Grain Size

Total organic carbon

Metals
Ancillary Metals
Aluminum
Barium
Calcium
Cobalt

Iron
Magnesium
Manganese
Potassium
Sodium
Vanadium

Priority Pollutant Metals
Antimony
Arsenic
Beryllium
Cadmium
Chromium
Copper
Lead
Mercury
Nickel
Selenium
Silver
Thallium
Zinc

Major Elements
Silicon

Trace Elements
Tin
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Organics
Chlorinated Alkanes

Hexachlorobutadiene
Hexachlorocyclopentadiene
Hexachloroethane

Chlorinated and Nitro-Substituted
Phenols

2,4,5-trichlorophenol
2,4,6-trichlorophenol
2,4-dichlorophenol
2,4-dinitrophenol

2-chlorophenol

2-nitrophenol

4,6-dinitro 2-methylphenol (=4,6-
dinitro-o-cresol)

4-chloro 3-methylphenol
4-nitrophenol

Pentachlorophenol

Chlorinated Aromatic Compounds
1,2,4-trichlorobenzene
1,2-dichlorobenzene
1,3-dichlorobenzene
1,4-dichlorobenzene
2-chloronaphthalene
Hexachlorobenzene

Chlorinated Pesticides
2,4'-DDD
2,4'-DDE
2,4-DDT
4,4'-DDD
4,4'-DDE
4-4'DDT

Aldrin
Alpha-chlordane
Alpha-HCH
Beta-HCH
Chlorpyrifos



Table 2 (cont.). Chemical and physical analyses conducted on sediments collected

from northern Puget Sound.

Chlorinated Pesticides (cont.)
Cis-nonachlor

Delta-HCH

Diazinon

Dieldrin

Endosulfan I (Alpha-endosulfan)
Endosulfan IT (Beta-endosulfan)
Endosulfan sulfate

Endrin

Endrin ketone

Endrin aldehyde
Gamma-chlordane
Gamma-HCH

Heptachlor

Heptachlor epoxide
Methoxychlor

Mirex

Oxychlordane

Toxaphene

Trans-nonachlor

Ethers
4-bromophenyl-phenyl ether
4-chlorophenyl-phenyl ether
Bis(2-chloroethyl)ether
Bis(2-chloroisopropyl)-ether

Polynuclear Aromatic Hydrocarbons
LPAHs
1,6,7-Trimethylnaphthalene
1-Methylnaphthalene
1-Methylphenanthrene
2,6-Dimethylnaphthalene
2-methylnapthalene
Acenaphthene
Acenaphtylene

Anthracene

Biphenyl

C1 - C2 Fluorenes

C1 - C3 Dibenzothiophenes
C1 - C4 naphthalenes

C1 - C4 Phenanthrenes
Dibenzothiophene
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Fluorene
Naphthalene
Phenanthrene
Retene
calculated value:
LPAH

HPAHs
Benzo(a)anthracene
Benzo(a)pyrene
Benzo(b)fluoranthene
Benzo(e)pyrene
Benzo(g,h,i)perylene
Benzo(k)fluoranthene
C1 - C4 Chrysene
Chrysene
Dibenzo(a,h)anthracene
Fluoranthene
Indeno(1,2,3-c,d)pyrene
Perylene

Pyrene

calculated values:

total Benzofluoranthenes
HPAH

Miscellaneous Extractable
Compounds

Benzoic acid

Benzyl alcohol
Beta-coprostanol
Dibenzofuran

Isophorone

Organonitrogen Compounds
2,4-dinitrotoluene
2,6-dinitrotoluene
2-nitroaniline
3,3'-dichlorobenzidine
3-nitroaniline

4-chloroaniline

4-nitroaniline

9(H) carbazol



Table 2 (cont.). Chemical and physical analyses conducted on sediments collected
from northern Puget Sound.

Organonitrogen Compounds (cont.) Polychlorinated Biphenyls
Caffeine PCB Congeners
Nitrobenzene 8
N-nitroso-di-n-propylamine 18
N-nitrosodiphenylamine 28
44
Organotins 52
Butyl tins: Mono-, Di-, Tri-butyltin 66
77
Phenols 101
2,4-dimethylphenol 105
2-methylphenol 118
4-methylphenol 126
Bis(2-chloroethoxy)-methane 128
Phenol 138
P-nonylphenol 153
170
Phthalate Esters 180
Bis(2-ethylhexyl)phthalate 187
Butyl benzyl phthalate 195
Diethyl phthalate 206
Dimethyl phthalate 209
Di-n-butyl phthalate
Di-n-octyl phthalate PCB Aroclors
1016
1221
1232
1242
1248
1254
1260
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compounds were automatically quantified by Manchester during analysis for the required
compounds. Analytical procedures provided performance equivalent to those of the NS&T
Program and the PSEP Protocols, including those for analyses of blanks and standard reference
materials. Information was reported on recovery of spiked blanks, analytical precision with
standard reference materials, and duplicate analyses of every 20th sample.

The laboratory analytical methods and reporting limits for quantitation of the 171 chemistry
parameters analyzed for are summarized in Table 3 and described in detail below. Methods and
resolution levels for field collection of temperature and salinity are included in Table 4.

Grain Size

Analysis for grain size was performed according to the PSEP Protocols (PSEP, 1986b). The
PSEP grain size method is a sieve-pipette method. In this method, the sample is passed through
a series of progressively smaller sieves, with each fraction being weighed. After this separation,
the very fine material remaining is placed into a column of water, and allowed to settle. Aliquots
are removed at measured intervals, and the amount of material in each settling fraction is
measured. This parameter was contracted by Manchester to Columbia Analytical Services, Inc.,
Kelso, WA.

Total Organic Carbon (TOC) in Sediment

Total organic carbon analysis was performed according to PSEP Protocols (PSEP, 1986b). The
method involves drying sediment material, pretreatment and subsequent oxidation of the dried
sediment, and determination of CO, by infra-red spectroscopy.

Simultaneously Extracted Metals (SEM)/Acid Volatile Sulfides (AVS)

Methodology for the determination of AVS follows EPA, 1991. Simultaneously extracted metals
were determined by USEPA Method 200.7AV, the method for ultra-trace metals by inductively
coupled plasma mass spectrometry.

Metals in Sediment - Preparation and Analysis

To maintain compatibility with previous PSAMP metals data, EPA Methods 3050/6010 were
used for the determination of metals in sediment. Method 3050 is a strong acid (aqua regia)
digest that has been used for the last several years by Ecology for the characterization of
sediments for trace metal contamination. Method 3050 was also the recommended digestion
technique for digestion of sediments in the recently revised PSEP protocols (PSEP, 1996d). This
digestion does not yield geologic (total) recoveries for most analytes including silicon, iron,
aluminum and manganese. It does, however, recover quantitatively most anthropogenic metals
contamination and deposition.

For comparison with NOAA’s national bioeffects survey’s existing database, Manchester
simultaneously performed a total (hydrofluoric acid-based) digestion (EPA method 3052) on
portions of the same samples. Determination of metals values for both sets of samples were
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Table 3. Chemistry Parameters: Laboratory analytical methods and reporting limits.

Parameter Method Reference Reporting
Limit
Grain Size Sieve-pipette method PSEP, 1986b >2000 to
<3.9 microns
Total Organic Conversion to CO, PSEP, 1986b 1 mg/L
Carbon measured by
nondispersive infra-red
spectroscopy
Acid Volatile AVS - EPA method AVS -EPA, 1991 SEM- | SEM- 1-10
Sulfides/ Simult. SEM - ICP-MS EPA 200.7AV ppm
Extracted Metals
Metals Strong acid (aqua regia) - digestion - EPA 3050 1-10 ppm
(Partial digestion) | digestion and analyzed via | - analysis - PSEP, 1996d
ICP, ICP-MS, or GFAA, | (EPA 200.7, 200.8, 206.2,
depending upon the 245.5,270.2)
analyte
Metals Hydrofluoric acid-based - digestion - EPA 3052 1-10 ppm
(Total digestion) digestion and analyzed via | - analysis - PSEP, 1996d
ICP or GFAA, depending | (EPA 200.7, 204.2, 206.2,
upon the analyte 239.2,270.2,279.2,282.2)
Mercury Cold Vapor Atomic PSEP, 1996d 1-10 ppm
Absorption EPA 245.5
Butyl Tins Solvent Extraction, Manchester Method 40 ng/kg
Derivitization, Gas (Manchester Environmental
Chromatography/Mass Laboratory, 1997)
Spectrometry in selected
ion mode
Base/Neutral/Acid | Capillary column Gas PSEP 1996¢, EPA 8270 100-200 ppb
Organic Chromatography/ Mass
Compounds Spectrometry
Polynuclear Capillary column Gas PSEP 1996¢, extraction 100-200 ppb
Aromatic Chromatography/ Mass following Manchester
Hydrocarbons Spectrometry modification of EPA 8270
(PAH)
Chlorinated Gas Chromatography PSEP 1996¢, EPA 8081 1-5 ppb
Pesticides and Electron Capture
PCB (Aroclors) Detection
PCB Congeners NOAA, 1993a 1-5 ppb
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Table 4. Chemistry Parameters: Field analytical methods and resolution.

Parameter Method Resolution
Temperature Mercury Thermometer 1.0 °C
Surface salinity Refractometer 1.0 ppt

made via ICP, ICP-MS, or GFAA, using a variety of EPA methods (see Table 3) depending upon
the appropriateness of the technique for each analyte.

Mercury

Mercury was determined by USEPA Method 245.5, mercury in sediment by cold vapor atomic
absorption (CVAA). The method consists of a strong acid sediment digestion, followed by
reduction of ionic mercury to Hg", and analysis of mercury by cold vapor atomic absorption.
This method is recommended by the PSEP Protocols (PSEP, 1996d) for the determination of
mercury in Puget Sound sediment.

Butyl Tins

Butyl tins in sediments were analyzed by the Manchester Method (Manchester Environmental
Laboratory, 1997). This method consists of solvent extraction of sediment, derivitization of the
extract with the Grignard reagent hexylmagnesium bromide, cleanup with silica and alumina, and
analysis by GC/MS in selected ion mode (SIM).

Base/Neutral/Acid (BNA) Organic Compounds and Polynuclear Aromatic Hydrocarbons
(PAH) (extended list)

USEPA Method 8270, a recommended PSEP method (PSEP, 1996e), was used for semi-volatile
analysis. This is a capillary column, GC/MS method. The extended analyte list was modified by
the inclusion of additional PAH compounds on the NOAA target analyte list. At NOAA’s
request, PAH compounds were also run in a separate procedure, with sample extraction
following the Manchester modification of USEPA Method 8270. The PAH data included in this
report are from this second set of analyses.

Chlorinated Pesticides and Polychlorinated Biphenyls (PCB) Aroclors

EPA Method 8081 for chlorinated pesticides and PCB was used for the analysis of these
compounds. This method is a GC method with dual dissimilar column confirmation. Electron
capture detectors were used.
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PCB Congeners

PCB methodology was based on the NOAA congener methods detailed in Volume IV of the
NS&T Sampling and Analytical Methods documents (NOAA, 1993a). The concentration of the
standard NOAA list of 20 congeners was determined.

Benthic Community Analyses

Sample Processing and Sorting

All methods, procedures, and documentation (chain-of-custody forms, tracking logs, and data
sheets) were similar to those described for the PSEP (1987a) and in the PSAMP Marine
Sediment Monitoring Component — Final Quality Assurance Project and Implementation Plan
(Dutch et al., 1998).

Upon completion of field collection, benthic infaunal samples were checked into the benthic
laboratory at Ecology’s headquarters building. After a minimum fixation period of 24 hours (and
maximum of 7 to 10 days), the samples were washed on sieves to remove the formalin

(1.0 mm fraction on a 0.5 mm sieve, 0.5 mm fraction on a 0.25 mm sieve) and transferred to 70%
ethanol. Sorting and taxonomic identification of the 0.5 mm fraction was completed outside of
the scope of work of this effort. The results of these separate analyses will be reported elsewhere
by NOAA. After staining with rose bengal, the 1.0 mm sample fractions were examined under
dissection microscopes, and all macroinfaunal invertebrates and fragments were removed and
sorted into the following major taxonomic groups: Annelida, Arthropoda, Mollusca,
Echinodermata, and miscellaneous taxa. Meiofaunal organisms such as nematodes and
foraminiferans were not removed from samples, although their presence and relative abundance
were recorded. Representative samples of colonial organisms such as hydrozoans, sponges, and
bryozoans were collected, and their relative abundance noted. Sorting QA/QC procedures
consisted of resorting 20% of each sample by a second sorter to determine whether a sample
sorting efficiency of 95% removal was met. If the 95% removal criterion was not met, the entire
sample was resorted.

Taxonomic Identification

Upon completion of sorting and sorting QA/QC, all taxonomic work, with the exception of the
primary polychaete taxonomy, was contracted to recognized specialists. Organisms were
enumerated and identified to the lowest taxonomic level possible, generally to species. In
general, anterior ends of organisms were counted, except for bivalves (hinges), gastropods
(opercula), and ophiuroids (oral disks). When possible, at least two pieces of literature
(preferably including original descriptions) were used for each species identification. A
maximum of three representative organisms of each species or taxon were removed from the
samples and placed in a voucher collection.

Taxonomic identification quality control for all taxonomists included re-identification of 5% of
all samples identified by the primary taxonomist and verification of voucher specimens generated
by another qualified taxonomist.
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Data Summary, Display, and Statistical Analysis

Raw data files are too extensive to display in this report and will be made available on the
Ecology Sediment Monitoring Program’s web site. Quality assurance reports will also be posted
to the web site upon completion (see inside front cover for address).

Toxicity Testing

Several statistical methods were used to identify the significance of the results of the toxicity
tests, to identify relationships between measures of toxicity and contamination, to estimate
spatial scales in toxicity and contamination, and to identify chemicals of greatest concern.

Amphipod Survival — Solid Phase

Data from each station in which mean percent survival was less than that of the control were
compared to the CLIS control using a one-way, unpaired t-test (alpha < 0.05) assuming unequal
variance. Data were not transformed since examination of data from previous tests has shown
that A. abdita percentage survival data met the requirements for normality.

Significant toxicity for A. abdita is defined here as survival that is statistically less than that in
the performance control (alpha < 0.05). In addition, samples in which survival was significantly
less than controls and less than 80% of CLIS control values were regarded as "highly toxic". The
80% criterion is based upon statistical power curves created from SAIC's extensive testing
database with A. abdita (Thursby et al., 1997). These curves show that the power to detect a
20% difference from the control is approximately 90%. The minimum significant difference
(i.e., "MSD" of >20%, or <80%, of control response) also was used as the critical value in
calculations of the spatial extent of toxicity (Long et al., 1996).

Sea Urchin Fertilization - Pore Water

For the sea urchin fertilizations, statistical comparisons among treatments were made using
ANOVA and Dunnett's one-tailed t-test (which controls the experiment-wise error rate) on the
arcsine square root transformed data with the aid of SAS (SAS, 1989). The trimmed
Spearman-Karber method (Hamilton et al., 1977) with Abbott's correction (Morgan, 1992) was
used to calculate EC50 (50% effective concentration) values for dilution series tests. Prior to
statistical analyses, the transformed data sets were screened for outliers (Moser and Stevens,
1992). Outliers were detected by comparing the studentized residuals to a critical value from a
t-distribution chosen using a Bonferroni-type adjustment. The adjustment is based on the
number of observations (n) so that the overall probability of a type 1 error is at most 5%. The
critical value (CV) is given by the following equation: cv= t(dfError, .05/[2 x n]). After omitting
outliers, but prior to further analyses, the transformed data sets were tested for normality and for
homogeneity of variance using SAS/LAB Software (SAS, 1992). Statistical comparisons were
made with mean results from the Redfish Bay controls. Reference toxicant concentration results
were compared to filtered seawater controls and each other using both Dunnett's t-test and
Duncan's multiple range test to determine Lowest Observable Effects Concentrations (LOECs)
and No Observable Effects Concentrations (NOECs).
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In addition to the Dunnett's one-tailed t-tests, data from field-collected samples were treated with
an analysis similar to the MSD analysis used in the amphipod tests. Power analyses of the sea
urchin (Arbacia punctulata) fertilization data have shown MSDs of 15.5% for alpha < 0.05 and
19% for alpha < 0.01. However, to be consistent with the statistical methods used in previous
surveys (Long et al., 1996), and to ensure that data from northern Puget Sound would be
comparable to those from other areas around the country, we elected to use a critical value of
<80% control response. This was the same critical value used for the amphipod tests; thus
designating the samples as “highly toxic”.

Microbial Bioluminescence (Microtox™) - Organic Solvent Extract

Microtox™ data were analyzed using the computer software package developed by Microbics
Corporation to determine concentrations of the extract that inhibit luminescence by 50% (ECS50).
This value was then converted to mg dry wt using the calculated dry weight of sediment present
in the original extract. To determine significant differences of samples from each station, pair-
wise comparisons were made between survey samples and results from Redfish Bay control
sediments using analysis of variance (ANOVA). Concentrations tested were expressed as mg dry
wt based on the percent extract in the 1 ml exposure volume and the calculated dry weight of the
extracted sediment. Statistical comparisons among treatments were made using ANOVA and
Dunnett's one-tailed t-tests on the log transformed data with the aid of SAS (SAS, 1989).

Cytochrome P450 RGS - Organic Solvent Extract

Results of these tests were compiled on a Microsoft Excel spreadsheet. Mean RGS response and
the 99% confidence interval (CI) were determined for all 100 samples as benzo[a]pyrene
equivalents. Mean results from test samples were compared to the upper 99% CI for the data set
to determine which samples had elevated responses. Comparisons with the Redfish Bay controls
were not useful because of the extremely low response in the controls.

Incidence and Severity, Spatial Patterns and Gradients, and Spatial Extent of Sediment
Toxicity

The incidence of sediment toxicity was determined for all samples tested by dividing the number
of samples identified as significantly different from controls or "highly toxic" by the total number
of samples (n=100) tested. Severity of toxicity was estimated as the range in response of the
toxicity tests to the sediment samples.

Spatial patterns and gradients in sediment toxicity were illustrated by plotting toxicity data, for
each of the four tests, on base maps of each major region in the northern Puget Sound study area.

Estimates of the spatial extent of sediment toxicity for each of the four tests performed in
northern Puget Sound were determined with cumulative distribution functions, weighting the
toxicity results from each station to the dimensions (km?) of the sampling stratum in which the
samples were collected (i.e., the sizes of the strata in which toxic results were recorded were
summed) (Schimmel et al., 1994). The size of each stratum (km?) was determined by use of an
electronic planimeter applied to navigation charts, upon which the boundaries of each stratum
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were outlined. Stratum size was calculated as the average of three trials, all of which were within
10% of each other.

A critical value of less than 80% of control response was used in the calculations of the spatial
extent of toxicity for amphipod survival and urchin fertilization tests. That is, the sample-
weighted sizes of each stratum in which toxicity test results were less than 80% of control
responses were summed to estimate the spatial extent of toxicity. These critical values were
derived following power analyses of data generated in many previous surveys and were the same
critical values used in all previous NOAA surveys (Long et al., 1996).

Power analyses of existing data have not been performed thus far to determine empirically the
critical statistical value for the Microtox™, and no critical values are described in the PSEP
Protocols. Therefore, two new critical values intended to be more applicable to the northern
Puget Sound data were generated for the Microtox™ test results, both based upon statistical
analyses of the existing data from NOAA surveys conducted thus far (including the data from
northern Puget Sound, n=1013). The two new critical values are <0.06 mg/ml and <0.51 mg/ml
(Table 12). The first value (0.06 mg/ml) represents the 90% lower prediction limit (LPL) of the
entire data set. The probability that a future observation from this data distribution would be
more toxic (i.e., an EC50 < 0.06 mg/ml) would be 90%. Therefore, a sample with an EC50 less
than 0.06 mg/ml would be extremely toxic in this test. The second value (0.51 mg/ml) represents
the 80% LPL with the lowest (most toxic) 10% of the data values removed from the database to
eliminate their influence on the distribution of the data. Samples with EC50 values <0.51 mg/ml
or >0.06 mg/ml would be considered as moderately toxic in this test.

As with the Microtox™ tests, no critical values for the Cytochrome P450 RGS assays have been
published. Therefore, as a part of this study, two critical values were calculated and used to
estimate spatial extent of toxicity in northern Puget Sound. The first value, 37.1 ug/g
benzo[a]pyrene equivalents, represented the upper 90% prediction limit (UPL) of the entire data
set gathered thus far in all NOAA studies (n=530). This value agrees well with 32 pg/g, the RGS
induction level equivalent to the ERL value (Long et al., 1995) for high molecular weight PAHs
determined in regression analyses of the existing data for this test. Also, the upper

99% confidence interval for previous tests was 32.8 pg/g (n=527). Therefore, this value is
viewed as a concentration above which toxicologically significant effects may begin in
sediments. The second value, 11.1 ug/g, was the 80% UPL of the data distribution following
elimination of the data above the 90th percentile from the entire database. The extremely toxic
samples were deleted in this step to eliminate their effect upon the data distribution. This value
(11.1 pg/g) 1s viewed as the upper limit of background RGS responses.

Concordance Among Toxicity Tests

Statistical concordance among test results was determined with a non-parametric test because the
data were not normally distributed. Spearman-rank correlations were determined for
combinations of different toxicity test results to quantify the degree to which these tests showed
the same spatial patterns in toxicity.
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Chemical Analyses

Results of the grain size analysis were reported in tabular and graphical form. Total organic
carbon, temperature, and salinity measurements were also reported in tabular form for all
stations. Summary statistics (i.e., mean, median, minimum, maximum, range, and number of
non-detected and missing values) for all chemistry and organics data generated were calculated
and reported in tabular form.

Spatial Patterns and Spatial Extent of Sediment Contamination

To identify spatial patterns in sediment contamination, sampling stations where chemical
concentrations exceeded either the Sediment Quality Standards (SQS) or Cleanup Screening
Levels (CSL) (as defined in Washington State’s Sediment Management Standards —

Ch. 173-204 WAC), or the Effects Range-Low (ERL) or Effects Range-Median (ERM) values of
Long et al. (1995), were highlighted on strata maps. Chemical concentrations below ERL values
are not expected to contribute to toxic effects. Sediments in which ERM, SQS, and CSL
guideline concentrations were exceeded would have higher probabilities of being toxic than those
in which they were not exceeded.

Two sets of maps were created to display patterns of metals contamination; one for the metals
data generated with total digestion extractions, used for comparison with ERL and ERM values,
and the other for the concentrations resulting from partial digestion extractions, used for
comparison with state SQS and CSL criteria. In all comparisons, samples were ignored when
concentrations were reported as below quantitation limits (bql) and the quantitation limits
equaled or exceeded the guidelines. For classes of compounds (PAHs, PCBs, DDTs) in which
concentrations of individual compounds were summed, concentrations reported with quantitation
limit qualifiers were treated as one-half the quantitation limit.

The spatial extent of contamination was determined with cumulative distribution functions in
which the sizes of strata with samples exceeding the ERM, SQS, and CSL effects-based,
numerical guidelines were summed.

Chemistry/Toxicity Relationships

Chemistry/toxicity relationships were determined in a multi-step sequence. First, non-
parametric, Spearman-rank correlations were used to determine if there were relationships
between the four measures of toxicity and the concentrations of classes of toxicants

(i.e., 4 groups of chemicals) normalized to their respective ERM values (Long et al., 1995) and
Washington State SQS and CSL values (Washington State Sediment Management Standards —
Ch. 173-204 WAC). ERM, SQS, and CSL quotients were generated. These chemical index
values, derived by summing the quotients formed when the chemical concentrations in the
samples are divided by their respective ERM, SQS, and CSL values, were calculated for suites of
compounds and correlated with toxicity results.
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Second, Spearman-rank correlations were also used to determine relationships between each
toxicity test and each physical/chemical variable. The correlation coefficients and their statistical
significance (p values) were recorded and compared among chemicals to identify which
chemicals co-varied with toxicity and which did not. For many of the different semivolatile
organic substances in the sediments, correlations were conducted for all 100 samples, using the
limits of quantitation for values reported as undetected. If the majority of concentrations were
qualified as either estimates or below quantitation limits, the correlations were run again after
eliminating those samples. No analyses were performed for the numerous chemicals whose
concentrations were below the limits of quantitation in all samples. All correlations were also
run separately for the 15 samples collected from the vicinity of Everett Harbor (samples from
stations 86-100).

Third, for those chemicals in which a significant correlation was observed, the data were
examined in scatterplots to determine whether there was a reasonable pattern of increasing
toxicity with increasing chemical concentration. Also, chemical concentrations in the
scatterplots were compared with the SQS, CSL, and ERM values to determine which samples, if
any, were both toxic and had elevated chemical concentrations. The concentrations of
un-ionized ammonia were compared to Lowest Observable Effects Concentrations (LOEC)
determined for the sea urchin tests by the USGS (Carr et al., 1996b) and No Observable Effects
Concentrations (NOEC) determined for amphipod survival tests (Kohn et al., 1994).

The objectives of this study did not include a determination of the cause(s) of toxicity or benthic
alterations. Such determinations would require the performance of toxicity identification
evaluations and other similar research. The purpose of the multi-step approach used in the study
was to identify which chemicals, if any, showed the strongest concordance with the measures of
toxicity and benthic infaunal structure.

Correlations were determined for all the substances that were quantified, including trace metals
(both total and partial digestion), metalloids, simultaneously-extracted metals (SEM)/acid
volatile sulfides (AVS), un-ionized ammonia (UAN), percent fines, total organic carbon (TOC),
chlorinated organic hydrocarbons (COHs), and polynuclear aromatic hydrocarbons (PAHs).
Concentrations were normalized to TOC where required for SQS and CSL values.

Those substances that showed significant correlations with measures of toxicity were indicated
with asterisks (*= p<0.05, ** = p<0.01, ***= p<0.001, and ****= p<0.0001) depending upon the
level of probability. In correlation analyses involving a large number of variables such as in this
survey, some correlations could appear to be significant by random chance alone. Adjustments
(such as Bonferroni's adjustment) often are needed to account for this possibility. Therefore, note
that in the correlation tables only those coefficients shown with four asterisks would remain
significant if the number of variables (171) were taken into account in these analyses (i.e.,
p=0.0001x171=0.017).
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Benthic Community Analyses

All benthic infaunal data were reviewed and standardized for any taxonomic nomenclatural
inconsistencies by Ecology personnel using an internally developed standardization process.
With assistance from the taxonomists, the final species list was also reexamined for identification
and removal of taxa that were non-countable infauna. This included (1) organisms recorded with
presence/absence data, such as colonial species, (2) meiofaunal organisms, and (3) incidental
taxa which were caught by the grab, but are not a part of the infauna (e.g., planktonic forms).
Following these criteria, a total of 48 taxa were removed from the data files (Appendix C).

A series of benthic infaunal indices were then calculated to summarize the raw data and
characterize the infaunal invertebrate assemblages identified from each station. Indices were
based upon all countable taxa, excluding colonial forms. Five indices were calculated, including
total abundance, major taxa abundance, taxa richness, Pielou’s evenness (J’), and Swartz’s
dominance. These indices are defined in Table 5.

Nonparametric Spearman-rank correlation analyses were conducted among all benthic indices,
chemistry, and toxicity data. The correlation coefficients and their statistical significance

(p values) were recorded and examined to identify which benthic indices co-varied with toxicity
results and chemistry concentrations. Comparisons were made to determine similarities between
these correlation results and those generated for the chemistry/toxicity correlation analyses.

The benthic data analyses and interpretations presented in this report are intended to be
preliminary and general. Estimates of the spatial extent of benthic alterations are not made due
to absence of a widely accepted critical value at this time. A more thorough examination of the
benthic infauna communities in northern Puget Sound and their relationship to sediment
characteristics, toxicity, and chemistry will be presented in future reports.
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Table 5. Benthic infaunal indices calculated to characterize the infaunal invertebrate
assemblages identified from each PSAMP/NOAA monitoring station.

Infaunal Index

Definition

Calculation

Total Abundance

A measure of density equal to the total
number of organisms per sample area

Sum of all organisms counted in
each sample

Major Taxa
Abundance

A measure of density equal to the total
number of organisms in each major
taxa group (Annelida, Mollusca,
Echinodermata, Arthropoda,
Miscellaneous Taxa) per sample area

Sum of all organisms counted in
each major taxa group per sample

Taxa Richness

Total number of taxa (taxa = lowest
level of identification for each
organism) per sample area

Sum of all taxa identified in each
sample

Pielou’s Evenness
(J’) (Pielou, 1966,
1974)

Relates the observed diversity in
benthic assemblages as a proportion of
the maximum possible diversity for the
data set (the equitability (evenness) of
the distribution of individuals among
taxa)

J’=H’/log s
Where:
S
H =-Xpilogp;
i=1

where p; = the proportion of the
assemblage that belongs to the ith
species (p=ni/N, where n;=the
number of individuals in the i
species and N= total number of
individuals), and where s = the total
number of taxa

Swartz’s
Dominance Index
(SDI) (Swartz

et al., 1985)

The minimum number of taxa whose
combined abundance account for 75%
of the total abundance in each sample

Sum of the minimum number of
taxa whose combined abundance
account for 75% of the total
abundance in each sample
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Results

Toxicity Testing
Incidence and Severity of Toxicity

Amphipod Survival - Solid Phase

Amphipod survival tests were performed in 11 batches corresponding to the numbers of samples
received from the field crew. Sample holding times from date of collection to initiation of the
tests ranged from 4 to 10 days. Test temperatures ranged from 19.5°C to 20.5°C. All other water
quality parameters (D.O., pH, salinity, ammonia) were also within acceptable ranges for
Ampelisca abdita. Test animals ranged in sizes from >0.5 mm to <1.18 mm. Mean survival in
CLIS controls ranged from 93% to 99%, well within the acceptable range. LC50 concentrations
from 11 96-hr tests of SDS in water ranged from 2.16 mg/L to 7.86 mg/L, only one of which
(2.16 mg/L in batch 4) was outside the acceptable control chart range (4.6 mg/L to 10.3 mg/L).
Because the data from the negative controls and Puget Sound samples in batch 4 did not indicate
elevated sensitivity of these test animals, the data were accepted.

Mean percent survival in samples from 13 stations was statistically significant (p<0.05) relative
to the CLIS controls (Table 6). Thus, the incidence of significantly toxic responses was 13%.
These 13 samples were collected in stratum 2 (Semiahmoo Bay), stratum 4 (southern

Boundary Bay), strata 9A and 9B (inner Bellingham Bay), stratum 13 (Samish/Bellingham Bay),
stratum 14 (inner Padilla Bay), stratum 21 (Skagit Bay), stratum 23 (Oak Harbor), stratum 24
(Penn Cove), strata 29 and 30 (inner and middle Everett Harbor), and stratum 33 (Snohomish
River delta). Mean survival as percent of the CLIS controls ranged from 82% to 105%,
indicating a relatively narrow range in response to the samples. Mean percent survival exceeded
80% of controls in all samples; therefore, none of the samples was "highly toxic" as defined in
Methods. Thus, the incidence of highly significant toxicity was 0% in this test.

Sea Urchin Fertilization — Pore Water

Tests of sea urchin fertilization were performed on samples of 100%, 50%, and 25% pore waters
from each of the 100 samples plus the Redfish Bay, TX controls. All samples were processed
within 10 days of the date of collection, usually within one or two days of the date of arrival. All
tests were performed at salinities of 30 + 1 ppt. Sulfide concentrations were below the detection
limit of 0.01 mg/L in 96 of the samples. In samples 86-89 sulfide concentrations ranged from
1.98 mg/L to 5.00 mg/L in 100% pore waters and could have contributed to toxicity in those
samples. Porewater dissolved oxygen concentrations ranged from 5.94 mg/L to 8.99 mg/L

(81.4 to 104% saturation). Stirring was required for nine samples which initially had DO
concentrations below 80% saturation. Test sample pH values ranged from 6.8 to 8.03 while

pH in controls ranged from 8.09 to 8.34. Total ammonia concentrations ranged from 0.08 to 13.3
mg/L and un-ionized ammonia concentrations ranged from 2.0 to 95.7 ug/L, well below the

43



Table 6. Results of amphipod survival tests in 100 sediment samples from northern

Puget Sound.
Stratum Sample Mean Mean Mean amphipod  Statistical
amphipod  survivalin survival as % of significance
survival (%) control (%) control
1 1 97 99 98
Drayton 2 94 96 98
Harbor 3 99 96 103
2 4 95 99 96 *
Semiahmoo 5 90 99 91 *
Bay 6 95 96 99
3 7 92 96 96
W. Boundary 8 96 96 100
Bay 9 95 96 99
4 10 95 96 99
S. Boundary 11 92 99 93
Bay 12 100 99 101
13 94 99 95 *
5 14 95 99 96
Birch 15 96 99 97
Bay 16 98 99 99
6 17 95 96 99
Cherry 18 96 96 100
Point 19 94 96 98
7 20 95 97 98
Bellingham 21 93 97 96
Bay 22 94 97 97
8 23 96 97 99
Bellingham 24 97 93 104
Bay 25 96 97 99
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Table 6 (cont.). Results of amphipod survival tests in 100 sediment samples from northern
Puget Sound.

Stratum Sample Mean Mean Mean amphipod  Statistical
amphipod  survivalin survival as % of significance

survival (%) control (%) control

9A 26 97 96 101

Bellingham 27 95 96 99

Bay 28 89 96 93 *

9B 59 92 96 96

Bellingham 60 90 96 94 *

Bay 61 94 96 98

10 29 95 97 98

Bellingham 30 88 97 91

Bay 31 93 97 96

11 32 95 93 102

Bellingham 33 95 93 102

Bay 34 88 93 94

12 35 93 93 100

Bellingham 36 95 93 102

Bay 37 89 93 95

13 38 92 93 99

Samish/ 39 97 93 104

Belling. Bay 40 91 97 94 *

14 41 95 94 101

Padilla 42 86 94 91 *

Bay (inner) 43 94 94 100

15 44 86 94 91

Padilla 45 89 94 95

Bay (outer) 46 87 94 93

16 47 86 94 91

March 48 88 94 94

Point 49 94 94 100
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Table 6 (cont.). Results of amphipod survival tests in 100 sediment samples from northern
Puget Sound.

Stratum Sample Mean Mean Mean amphipod  Statistical
amphipod  survivalin survival as % of significance

survival (%) control (%) control

17 50 85 94 90

Fidalgo 51 90 94 96

Bay (inner) 52 87 94 93

18 53 86 94 91

Fidalgo 54 92 94 98

Bay (outer) 55 92 94 98

19 56 89 94 95

March 57 95 94 101

Point 58 94 94 100

21 62 93 99 94 *

Skagit 63 96 99 97

Bay 64 100 99 101

22 65 96 99 97

Saratoga 66 97 99 98

Passage (no.) 67 95 99 96

23 68 97 99 98

Oak 69 93 99 94 *

Harbor 70 98 99 99

24 71 79 96 82 *

Penn 72 93 99 94

Cove 73 97 99 98

25 74 90 96 94

Saratoga 75 94 96 97

Passage (mid.) 76 90 96 94
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Table 6 (cont.). Results of amphipod survival tests in 100 sediment samples from northern
Puget Sound.

Stratum Sample Mean Mean Mean amphipod  Statistical
amphipod  survivalin survival as % of significance

survival (%) control (%) control

26 77 98 96 102

Saratoga 78 92 97 95

Passage (so.) 79 93 96 97

27 80 95 97 98

Port 81 96 97 99

Susan 82 93 97 96

28 83 98 97 101

Possession 84 96 97 99

Sound 85 96 97 99

29 86 94 98 96

Everett 87 83 98 84 *

Harbor (inner) 88 88 98 90

30 89 88 98 89

Everett 90 88 96 92 *

Harbor (mid.) 91 93 96 97

31 92 90 98 92

Everett 93 95 98 97

Harbor (outer) 94 98 98 100

32 95 91 98 93

Port 96 97 97 100

Gardner 97 93 97 96

33 98 95 96 99

Snohomish 99 91 98 93

River delta 100 86 96 90 *

* Mean survival significantly less than CLIS controls (p<0.05)
** Mean survival significantly less than CLIS controls and less than 80% of CLIS controls
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lowest observable effects concentrations (LOEC=800 ug/L for Arbacia punctulata). An
equivalent LOEC is not yet available for S. purpuratus. All of these data indicate that testing
conditions were within acceptable limits for these tests.

Tests were run in three batches of samples plus the Redfish Bay controls. The EC50
concentrations for the SDS positive controls were 2.41, 3.23, and 3.51 mg/L for batches 1, 2, and
3, respectively.

Mean responses for each sample and each porewater concentration are shown in Table 7, along
with mean responses normalized to control responses. Four measures of statistical significance
are indicated. If percent fertilization was significantly reduced relative to controls (Dunnett's
t-test), but fertilization was less than the minimum significant difference (MSD) calculated for
A. punctulata, significance is shown as + for alpha <0.05 and shown as ++ for alpha <0.01. If
percent fertilization was significantly reduced relative to controls (Dunnett's t-test) and percent
fertilization exceeded the minimum significant difference (i.e., <80% of control response),
significance is shown as * for alpha <0.05 and ** for alpha <0.01. The MSD value for

A. punctulata was used, because none is available thus far for S. purpuratus.

Among the 100 samples tested with 100%, 50%, and 25% porewater concentrations, 15, 8 and
6 samples, respectively were highly toxic (i.e., different from controls at alpha <0.01 and
exceeded the MSD)(Table 7). As percent of Redfish Bay controls, mean fertilization success
among all samples ranged from 0.0% in two samples from inner Everett Harbor and one sample
collected off Point Roberts, to 121% in several samples scattered throughout the area.

Toxic conditions were indicated in samples from several different areas. Samples from stations
89 - 93 collected in Everett Harbor were highly toxic in both the 100% and 50% porewater
concentrations and those from stations 90-93 were also highly toxic in 25% pore water. These
five samples along with the sample from station 3 collected in Drayton Harbor were the most
toxic of the 100 samples tested with this test. Other samples that were highly toxic in at least the
100% porewater concentrations included those from station 2 (Drayton Harbor), station 22
(northern Bellingham Bay), station 43 (inner Padilla Bay), station 51 (inner Fidalgo Bay), station
82 (Port Susan), stations 86 and 87 (inner Everett Harbor, station 94 (outer Everett Harbor), and
station 100 (Snohomish River delta).

The relative sensitivities of both S. purpuratus and A. punctulata to 11 of the samples were
compared (Table 8). Tests with both species identified the same samples as either non-toxic or
toxic, indicating very similar sensitivities to the samples. Three samples were highly toxic in
100% pore waters in both tests, two of which were also highly toxic in tests of 50% and 25%
pore waters. Among those samples in which toxicity was observed, fertilization success was
invariably lower among S. purpuratus than A. punctulata, indicating higher sensitivity for

S. purpuratus. Also, the EC50 concentrations for tests of SDS were 5.23 mg/L and 2.91 mg/L
for A. punctulata and S. purpuratus, respectively. Again, these data suggest that S. purpuratus is
slightly more sensitive than A. punctulata.
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Table 7. Results of sea urchin fertilization tests on pore waters from 100 sediment samples from
northern Puget Sound. Tests performed with S. purpuratus.

100% pore water

50% pore water

25% pore water

Stratum  Sample Mean % % of Stati- Mean % % of Stati- Mean % % of  Stati-
fertili- control stical fertili- control stical fertili- control stical
zation signifi- zation signifi- zation signifi-

cance cance cance
1 1 98.6 117 99.8 104 99.0 101
Drayton 2 24.6 29 wE 69.8 73 w® 89.0 91 ++
Harbor 3 0.4 0 wE 16.6 17 wE 68.2 69 wE
2 4 99.6 118 99.4 104 99.0 101
Semiahmoo 5 99.6 118 99.2 104 99.8 102
Bay 6 99.2 117 98.2 103 99.6 101
3 7 98.8 117 98.8 103 99.0 101
West 8 98.8 117 99.6 104 98.6 100
Boundary 9 99.8 118 99.4 104 99.6 101
Bay
4 10 99.8 118 99.4 104 99.2 101
South 11 99.0 117 99.6 104 98.6 100
Boundary 12 98.4 116 99.8 104 99.2 101
Bay 13 98.2 116 99.2 104 97.8 100
5 14 99.4 117 99.4 104 99.6 101
Birch 15 99.8 118 98.4 103 98.6 100
Bay 16 99.6 118 99.0 103 99.0 101
6 17 97.0 115 97.2 101 95.4 97
Cherry 18 95.0 112 96.6 101 95.6 97
Point 19 97.0 115 98.6 103 96.0 98
7 20 95.8 113 93.8 98 94.8 97
Bellingham 21 95.6 113 96.4 101 97.6 99
Bay 22 38.6 46 wE 84.2 88 ++ 97.0 99
8 23 96.6 114 96.8 101 96.6 98
Bellingham 24 97.4 115 97.2 101 97.4 99
Bay 25 96.2 114 98.4 103 98.8 101
9A 26 96.2 119 96.2 103 97.8 100
Bellingham 27 96.2 119 96.2 103 97.4 100
Bay 28 94.0 117 96.0 103 98.0 101
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Table 7 (cont.). Results of sea urchin fertilization tests on pore waters from 100 sediment samples
from northern Puget Sound. Tests performed with S. purpuratus.

100% pore water 50% pore water 25% pore water
Stratum  Sample Mean % % of Stati- Mean % % of Stati- Mean % % of  Stati-
fertili- control stical fertili- control stical fertili- control stical
zation signifi- zation signifi- zation signifi-
cance cance cance
9B 59 98.0 103 96.4 103 97.6 109
Bellingham 60 98.8 104 98.6 105 98.4 110
Bay 61 93.0 98 97.0 103 97.4 109
10 29 96.8 120 96.8 104 97.0 100
Bellingham 30 97.2 121 94.8 102 96.6 99
Bay 31 95.4 118 96.2 103 97.2 100
11 32 75.8 94 89.8 96 93.6 96
Bellingham 33 94.0 117 95.4 102 95.2 98
Bay 34 83.0 103 92.8 100 90.8 93 ++
12 35 94.6 117 96.2 103 95.2 98
Bellingham 36 88.2 109 91.2 98 96.6 99
Bay 37 92.0 114 94.4 101 94.0 97
13 38 93.4 116 94.2 101 90.6 93 ++
Samish/ 39 94.4 117 92.8 100 93.8 96
Belling. Bay 40 93.0 115 94.8 102 95.0 98
14 41 83.4 103 90.4 97 914 94 ++
Padilla 42 90.0 112 90.4 97 93.0 95 +
Bay (inner) 43 40.8 51 wE 81.4 87 ++ 86.0 88 ++
15 44 93.6 116 922 99 94.6 97
Padilla 45 96.4 120 94.0 101 93.0 95 +
Bay (outer) 46 95.0 118 93.6 100 88.6 91 ++
16 47 91.8 114 94.2 101 914 94 ++
March 48 92.0 114 93.2 100 93.2 96
Point 49 90.0 112 90.2 97 91.0 93 ++
17 50 92.6 115 92.6 99 88.4 91 ++
Fidalgo 51 41.4 51 w% 80.6 86 ++ 89.4 92 ++
Bay (inner) 52 81.8 101 91.2 98 89.8 92 ++
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Table 7 (cont.). Results of sea urchin fertilization tests on pore waters from 100 sediment samples

from northern Puget Sound. Tests performed with S. purpuratus.

100% pore water

50% pore water

25% pore water

Stratum  Sample Mean % % of Stati- Mean % % of Stati- Mean % % of  Stati-
fertili- control stical fertili- control stical fertili- control stical
zation signifi- zation signifi- zation signifi-

cance cance cance
18 53 90.8 113 89.0 95 89.0 91 ++
Fidalgo 54 89.2 111 87.4 94 87.8 90 ++
Bay (outer) 55 93.0 115 96.4 103 96.6 99
19 56 95.6 119 96.8 104 97.6 100
March 57 97.6 121 98.8 106 99.0 102
Point 58 96.6 120 99.4 107 97.6 100
21 62 97.0 102 97.0 103 99.0 110
Skagit 63 95.0 100 95.8 102 93.8 105
Bay 64 90.6 95 96.4 103 96.6 108
22 65 85.4 90 ++ 85.0 90 ++ 91.4 102
Saratoga 66 84.0 88 ++ 87.6 93 87.8 98
Passage (n) 67 91.0 96 89.2 95 89.2 99
23 68 98.2 103 97.0 103 97.4 109
Oak 69 97.8 103 96.2 102 96.0 107
Harbor 70 97.8 103 98.4 105 98.0 109
24 71 98.8 104 97.6 104 98.0 109
Penn 72 95.0 100 95.0 101 96.8 108
Cove 73 97.0 102 95.8 102 92.6 103
25 74 92.0 97 96.4 103 95.6 107
Saratoga 75 87.2 92 + 94.0 100 94.4 105
Passage (m) 76 89.6 94 93.2 99 93.4 104
26 77 96.6 101 95.8 102 95.4 106
Saratoga 78 97.0 102 97.4 104 95.8 107
Passage (s) 79 95.8 101 96.2 102 93.6 104
27 80 93.2 98 94.6 101 90.6 101
Port 81 90.2 95 92.8 99 92.6 103
Susan 82 72.4 76 wE 89.8 96 91.4 102

51



Table 7 (cont.). Results of sea urchin fertilization tests on pore waters from 100 sediment samples

from northern Puget Sound. Tests performed with S. purpuratus.

100% pore water

50% pore water

25% pore water

Stratum  Sample Mean % % of Stati- Mean % % of Stati- Mean % % of  Stati-
fertili- control stical fertili- control stical fertili- control stical
zation signifi- zation signifi- zation signifi-

cance cance cance
28 83 97.6 121 98.4 106 97.2 100
Possession 84 96.4 120 97.4 105 97.4 100
Sound 85 96.2 119 97.0 104 94.4 97
29 86 18.4 23 wE 93.8 101 98.2 101
Everett 87 9.6 12 wE 89.5 96 96.8 99
Harbor (in) 88 40.0 50 wE 94.0 101 95.8 98
30 89 0.0 0 wE 24.6 26 w 82.6 85 ++
Everett 90 0.8 1 wE 1.0 1 wE 1.8 2 wE
Harbor (m) 91 0.4 0 wE 1.4 2 wE 2.8 3 wE
31 92 3.8 5 wE 9.0 10 wE 56.4 58 wE
Everett 93 1.8 2 wE 12.0 13 wE 63.2 65 wE
Harbor (0) 94 54.6 68 wE 92.6 99 93.4 96
32 95 96.8 120 98.6 106 96.2 99
Port 96 95.6 119 96.4 103 95.0 98
Gardner 97 91.4 113 94.4 101 95.4 98
33 98 97.2 121 97.8 105 94.2 97
Snohomish 99 95.8 119 92.8 100 87.4 90 ++
River delta 100 75.8 94 75.4 81 wE 78.0 80 wE

* Mean response significantly different from controls
(Dunnett's t-test: +=alpha<0.05 or ++=alpha< 0.01)

* Mean response significantly different from controls (Dunnett's t-test) and exceeds minimum significant difference
(*=alpha<0.05 or **=alpha< 0.01)
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Table 8. Comparison between mean percent fertilization in A. punctulata and
S. purpuratus in ten samples from northern Puget Sound plus the control
(means = std. dev.).

Stratum Sample Percent Percent fertilization
pore water A. punctulata Statisicial S. purpuratus Statistical
significance significance
Control 100 76+6 8148
50 93+3 93+2
25 94+4 97+2
9A 26 100 96+3 96+2
Bellingham 50 98+1 96+2
Bay 25 96+1 98+1
0A 27 100 97+2 96+2
Bellingham 50 98+1 96+1
Bay 25 97+2 97+2
10 30 100 96+3 97+2
Bellingham 50 94+3 95+2
Bay 25 94+3 97+2
10 31 100 961 95+3
Bellingham 50 98+1 96+4
Bay 25 97+1 97+1
12 36 100 93+5 88+7
Bellingham 50 97+1 91+3
Bay 25 96+2 97+3
28 85 100 97+3 96+3
Possession 50 97+1 97+2
Sound 25 916 94+2
29 86 100 60x14 o 18+7 o
Everett 50 96+3 94+3
Harbor 25 98+1 98+2

(inner)
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Table 8 (cont.). Comparison between mean percent fertilization in A. punctulata and
S. purpuratus in ten samples from northern Puget Sound plus the control
(means = std. dev.).

Stratum Sample Percent Percent fertilization

pore water A. punctulata Statisicial S. purpuratus Statistical

significance significance

30 90 100 27+8 o 1x1 kox
Everett 50 48+11 o 1+1 o
Harbor 25 43+13 ok 2+1 ok
(mid.)
30 91 100 44+6 ko 0.4+0.6 *ox
Everett 50 47+7 ¥ 1+1 ¥
Harbor 25 5345 ¥ 3+3 ¥
(mid.)
32 96 100 96+3 96+3
Port 50 96+2 96+2
Gardner 25 95+2 95+2

* Mean response significantly different from controls

(Dunnett's t-test: +=alpha<0.05 or ++=alpha< 0.01)

* Mean response significantly different from controls (Dunnett's t-test) and exceeds minimum significant difference
(*=alpha<0.05 or **=alpha< 0.01)

Results of the inter-species comparisons conducted by performing a series of dilution tests, with
five reference toxicants, on both species are provided in Table 9. In these experiments clean
seawater was spiked with known amounts of chemicals and tested in dilution series to determine
if the two species were similarly insensitive to the same substances. Data are listed for copper,
PCB Aroclor 1254, 2, 4’-DDD, phenanthrene, and naphthalene. No Observable Effects
Concentrations (NOEC) and Lowest Observable Effects Concentrations (LOEC) were
determined by the USGS laboratory. No dose response was observed in either of the tests of the
PCB mixture. The NOEC is shown as >4.5 pg PCB/L, the highest concentration used in the
experiments, which was near the maximum solubility for this mixture in seawater. Because the
PCBs were not toxic at the highest concentration, no dose-response curve could be calculated
and, therefore, the LOEC could not be estimated (Table 9). Similarly no values could be
calculated for S. purpuratus in tests of DDD. A. punctulata were slightly more sensitive than

S. purpuratus to copper, DDD, and naphthalene and similar in sensitivity to phenanthrene.

In summary, although A. punctulata was slightly less sensitive than S. purpuratus to the pore
waters extracted from the sediments, it was slightly more sensitive to three of the five individual
reference toxicants. Therefore, it appears that tests performed with either species are roughly
equivalent in sensitivity.
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Table 9. No Observable Effect Concentrations (NOEC) and Lowest Observable Effect
Concentrations (LOEC) determined in spiked water bioassays performed with
Arbacia punctulata and Strongylocentrotus purpuratus.

NOEC LOEC
Chemical A. punctulata S. purpuratus A. punctulata S. purpuratus
copper 0.52 ng/L 8.2 ng/L 1.05 ng/L 19.0 pg/LL
PCB Arohlor 1254  >4.5 ug/L >4.5 ug/LL na na
2,4'-DDD 0.07 pg/L >16.8 ug/L 0.14 pg/L na
phenanthrene 0.33 mg/L 0.33 mg/L 0.68 mg/L 0.68 mg/L
naphthalene 4.4 mg/LL 8.7 mg/L 8.7 mg/L 16.8 mg/L

na = not available

Microbial Bioluminescence (Microtox™) and Cytochrome P450 RGS - Organic Solvent
Extract

Microtox™ tests and Cytochrome P450 RGS assays were performed on portions of the same
organic solvent extracts prepared for all 100 samples. Results of these two bioassays performed
on the sediment extracts are provided in Table 10.

Examination of the results of the Microtox™ organic solvent bioluminescence test indicated that
the mean EC50 (50% effective concentration) for the Redfish Bay control was 102.9 mg/mL. In
previous tests of the sediments from this location, mean EC50s were 30.7, 36.0, and 48.9 mg/mL,
indicating that the material tested with this survey was less toxic than that tested in previous
surveys of other areas. Tests of the phenol-spiked blank provided a mean EC50 concentration of
15.2 mg/mL.

Statistical comparisons of the data indicated 97 of the 100 samples were significantly different
from controls. Thus, the incidence of significantly toxic responses was 97%. The three stations
where EC50 values were not significantly different from controls included Port Susan (station
80), Port Gardner (station 95), and Steamboat Slough at the mouth of the Snohomish River
(station 100). In addition, 87 of the EC50 values were less than 80% of the phenol-spiked blank
EC50 value of 15.23 mg/mL. To examine the relative degree of toxicity of the samples, the
Microtox™ test results were expressed as percentages of Redfish Bay controls. Results ranged
from 0.2% to 141%. ECS50s less than 1.0%, indicating toxicity in these samples was >100 times
that in the controls, were recorded for 17 samples. EC50s for all nine stations located within
Everett Harbor (stations 86-94) were less than 1.0% of controls, indicating these were
consistently the most toxic samples in this test. Other samples that displayed the highest toxicity
(mean EC50 < 1% of control) were collected from stations in Boundary Bay, inner and outer
Bellingham Bay, Padilla Bay, Fidalgo Bay, Oak Harbor, and Penn Cove.
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Table 10. Results of Microtox™ tests (as mean mg/mL and percent of Redfish Bay control)
and Cytochrome P450 RGS bioassays (as benzo[a]pyrene equivalents (ug/g)) of 100
sediment samples from northern Puget Sound.

Microtox™ EC50 Statistical P450 RGS

Stratum Sample Mean (mg/mL) % of ctrl Significance b[a]p eq (ug/g)
Redfish Bay negative 102.90 100 na 0.20

control
phenol-spiked 15.23 na na na
blank
1 1 2.37 2.30 *x 6.46
Drayton 2 1.80 1.75 o 8.51
Harbor 3 1.33 1.30 *ox 10.51
2 4 2.73 2.66 *x 2.72
Semiahmoo 5 1.06 1.03 ok 2.51
Bay 6 2.50 243 *x 8.71
3 7 6.83 6.64 *x 0.27
W. Boundary 8 1.02 0.99 ok 2.17
Bay 9 1.67 1.62 *x 2.32
4 10 9.37 9.10 *x 5.83
S. Boundary 11 1.57 1.52 *x 3.03
Bay 12 2.23 2.17 *E 2.57

13 4.37 4.24 *x 3.95
5 14 1.46 1.42 *x 2.01
Birch 15 2.90 2.82 *ox 2.40
Bay 16 2.63 2.56 *x 2.67
6 17 4.90 4.76 *x 3.01
Cherry 18 2.40 2.33 *x 2.83
Point 19 12.17 11.82 *x 3.04
7 20 7.33 7.13 *x 1.49
Bellingham 21 5.43 5.28 *x 1.72
Bay 22 1.57 1.52 *x 1.63
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Table 10 (cont.).

Microtox™ EC50 Statistical P450 RGS

Stratum Sample Mean (mg/mL) % of ctrl Significance b[a]p eq (ug/g)
8 23 8.23 8.00 o 2.63
Bellingham 24 5.93 5.77 ox 2.98
Bay 25 4.00 3.89 ox 2.06
9A 26 12.87 12.50 o 4.70
Bellingham 27 12.00 11.66 o 3.31
Bay 28 0.63 0.62 ox 19.09
9B 59 4.13 4.02 o 3.08
Bellingham 60 3.47 3.37 ok 8.64
Bay 61 2.73 2.66 o 2.41
10 29 2.13 2.07 ox 3.00
Bellingham 30 1.93 1.88 ox 16.08
Bay 31 3.07 2.98 ok 2.92
11 32 0.47 0.46 o 3.31
Bellingham 33 2.17 2.11 ox 4.09
Bay 34 0.51 0.50 o 2.76
12 35 2.90 2.82 ox 3.12
Bellingham 36 20.97 20.38 ox 3.01
Bay 37 2.67 2.59 ox 4.50
13 38 21.03 20.44 ox 9.23
Samish/ 39 5.17 5.02 ox 3.80
Belling. Bay 40 0.98 0.95 ox 2.99
14 41 0.54 0.52 o 12.41
Padilla 42 2.80 2.72 o 7.64
Bay (inner) 43 1.83 1.78 o 1.78
15 44 6.47 6.28 o 6.32
Padilla 45 2.67 2.59 ox 1.50
Bay (outer) 46 4.73 4.60 o 2.68
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Table 10 (cont.).

Microtox™ EC50 Statistical P450 RGS

Stratum Sample Mean (mg/mL) % of ctrl Significance b[a]p eq (ug/g)
16 47 3.70 3.60 ** 11.10
March 48 6.47 6.28 ok 12.19
Point 49 1.23 1.20 ok 9.79
17 50 1.10 1.07 ok 1.89
Fidalgo 51 3.83 3.73 *x 3.70
Bay (inner) 52 0.89 0.86 ok 3.72
18 53 2.80 2.72 ok 10.79
Fidalgo 54 3.27 3.17 *x 12.11
Bay (outer) 55 11.33 11.01 *x 6.60
19 56 15.73 15.29 ok 4.88
March 57 19.00 18.46 ok 8.91
Point 58 9.80 9.52 ok 5.12
21 62 6.30 6.12 *x 0.62
Skagit 63 8.90 8.65 ok 0.36
Bay 64 3.97 3.85 ok 0.87
22 65 1.50 1.46 ** 1.10
Saratoga 66 2.13 2.07 *k 243
Passage (north) 67 2.43 2.36 w 3.04
23 68 1.16 1.13 ** 4.72
Oak 69 1.11 1.08 ok 4.54
Harbor 70 0.61 0.59 ok 3.50
24 71 2.13 2.07 ** 2.28
Penn 72 13.77 13.38 ** 3.63
Cove 73 0.94 0.91 ok 2.74
25 74 4.20 4.08 ** 2.61
Saratoga 75 4.10 3.98 ok 2.83
Passage (middle) 76 3.80 3.69 w* 4.66
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Table 10 (cont.).

Microtox™ EC50 Statistical P450 RGS

Stratum Sample Mean (mg/mL) % of ctrl Significance b[a]p eq (ug/g)
26 77 45.50 44.22 o 1.06
Saratoga 78 11.13 10.82 *k 4.15
Passage (south) 79 9.67 9.39 w* 3.78
27 80 71.73 75.54 3.72
Port 81 12.60 12.24 *k 2.79
Susan 82 6.70 6.51 *k 5.76
28 83 7.07 6.87 *k 7.05
Possession 84 8.13 7.90 w3 4.83
Sound 85 9.67 9.39 *k 5.46
29 86 0.51 0.50 *k 202.2
Everett 87 0.69 0.67 *k 33.1
Harbor (inner) 88 0.94 0.91 *k 115.8
30 89 0.20 0.20 *k 25.8
Everett 90 0.71 0.69 *k 129.2
Harbor (middle) 91 0.58 0.57 *k 86.4
31 92 0.40 0.39 *k 28.8
Everett 93 0.42 0.41 *k 29.2
Harbor (outer) 94 0.44 0.43 ok 28.7
32 95 145.00 140.91 3.2
Port 96 4.63 4.50 ok 7.7
Gardner 97 9.17 8.91 *k 22.9
33 98 2.50 2.43 *k 4.2
Snohomish 99 57.57 55.94 w* 0.3
River delta 100 120.63 117.23 0.3

* indicates significant difference from controls (p<0.05)
** indicates significant difference from controls (p<0.05) and <80% of controls
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Results of the solid-phase variant of the Microtox™ bioluminescence test run on 10 samples
from northern Puget Sound plus the Redfish Bay control are displayed in Table 11 and compared
with results from the solvent extract tests. EC50 values in the solid-phase tests were much lower
than those in the solvent extract tests for the Redfish Bay control and several Puget Sound
samples (e.g., stations 26, 27, and 36), but provided similar results in most of the other samples.
In the only sample that was not significantly different from controls (station 86), toxicity was less
severe in the solid-phase test than in the organic solvent test.

Table 11. Comparison of results of Microtox™ solid-phase and solvent extract tests on
samples from 10 selected northern Puget Sound stations and controls.

Solid-phase test Solvent extract test
Stratum Sample Mean EC50 Statistical Mean EC50 Statistical
(mg/mL) significance (mg/mL) significance

Redfish Bay Negative 10 na 102.9 na

control
0A 26 1.8 *ok 12.9 *ok
Bellingham Bay 27 1.9 o 12.0 ok
10 30 1.5 ok 1.9 ok
Bellingham Bay 31 0.3 ok 3.1 ek
12 36 2.3 *ok 21.0 *ok
Bellingham Bay
28 85 1.4 ok 9.7 ok
Possession Sound
29 86 8.1 ns 0.5 *x
Everett Harbor
(inner)
30 90 1.7 *x 0.7 *x
Everett Harbor
(middle)

01 73 ek N6 ek
32 96 33 *x 4.6 *x
Port Gardner

na = not applicable
ns = not significant

The Cytochrome P450 RGS assays were run in 16 batches, with each sample tested in triplicate.
If coefficients of variation (cv) exceeded 20%, the sample was re-tested and the averages of the
results were then used in calculating the final values. If enzyme induction exceeded 100, the
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sample was diluted 1:10 in DMSO and retested. This was necessary in only four samples.
Results were reported as benzo[a]pyrene equivalents (B[a]Peq) in pg/gram for each sample.

The Redfish Bay control sediments caused an extremely low level of enzyme induction,
equivalent to 0.2 ugB[a]PEq (ug/g) (Table 9). Among the northern Puget Sound samples,
enzyme induction ranged from 0.3 pg/g in three samples to over 202 pg/g in the sample from
station 86. The mean of results for all 100 samples was 11.1 uB[a]PEq (ug/g) with a standard
deviation of 27.3 and a 99% confidence interval of 4.0-18.1. There were three samples in which
enzyme induction exceeded 100 pg/g (all from Everett Harbor) and 11 in which it exceeded

18.1 ug/g. As in the Microtox™ tests, the nine samples from Everett Harbor (stations 86-94)
consistently showed the highest induction, and, therefore, the highest toxicant contamination.
Almost all of the other samples had very low induction (<23 pg/g), many with values of less than
10 png/g, indicating non-contaminated conditions.

Spatial Patterns and Gradients in Toxicity

Spatial patterns in toxicity were illustrated in the accompanying figures: one set of maps for the
amphipod and urchin test results (Figures 4-10), and one set each for the Microtox™ and
Cytochrome P450 RGS test results (Figures 11-25). Amphipod and urchin test results are
displayed as symbols keyed to the statistical significance of the responses. Stations are shown in
which amphipod survival was

e not significantly different from CLIS controls (p>0.05) (i.e., not toxic); or
e significantly different from controls (p<0.05).

There were no stations in which amphipod survival was less than 80% of controls (i.e., “highly”
toxic).

Also, stations are shown on the same figures in which urchin fertilization was:

e not significantly different from Redfish Bay controls (p>0.05) (i.e., not toxic in 100% pore
water); or significantly different from controls (p<0.01) and less than 80% of controls in
100% pore water only (i.e., toxic in only 100% pore water); or

e significantly different from controls (p<0.01) and less than 80% of controls in 100% + 50%
porewater concentrations (i.e., toxic in 100% + 50% pore water); or

e significantly different from controls (p<0.01) and less than 80% of controls in 100% + 50%
+ 25% porewater concentrations (i.e., toxic in 100% + 50% + 25% pore water). Samples in
which significant results were observed in all three porewater concentrations were
considered the most toxic.

Microtox™ and Cytochrome P450 RGS data are shown as histograms for each station.
Microtox™ results are expressed as effective concentrations that caused 50% reductions in
bioluminescence activity (EC50s) in units of mg of sediment/mL of solvent. In this test, high
values indicate lower levels of contamination, while low values indicate higher levels of
contamination. In contrast, data from the P450 RGS assays are expressed as benzo[a]pyrene
equivalents (ug /g) of sediment and high values indicate the presence of toxic chemicals.
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Figure 13. Results of Microtox™ bioluminescence tests for 18 stations distributed
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Figure 16. Results of Microtox™ bioluminescence tests for 9 stations distributed
among three sampling strata in Port Gardner Bay and the Snohomish River.
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Figure 17. Results of Microtox™ bioluminescence tests for 9 stations distributed
among three sampling strata in Everett Harbor.
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Figure 19. Results of Cytochrome P-450 RGS assays on 9 samples distributed
among three strata in outer Bellingham Bay.
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Figure 20. Results of Cytochrome P-450 RGS assays on 12 samples distributed among four strata in
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Figure 21. Results of Cytochrome P-450 RGS assays on 18 samples distributed
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Figure 22. Results of Cytochrome P-450 RGS assays on 12 samples distributed
among four strata in the vicinity of Oak Harbor.
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Figure 23. Results of Cytochrome P-450 RGS assays on 9 samples distributed
among three strata in Saratoga Passage and Port Susan.
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Figure 24. Results of Cytochrome P-450 RGS assays on 9 samples distributed among
three strata in Port Gardner Bay and Snohomish River.
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Figure 25. Results of Cytochrome P-450 RGS assays on 9 samples distributed

among three strata in Everett harbor and vicinity.
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Amphipod Survival and Sea Urchin Fertilization

In the northernmost region of the study area, most samples did not indicate significant results in
either the amphipod survival or urchin fertilization tests (Figure 4). However, there were two
samples from stratum 2 (stations 4 and 5) in Semiahmoo Bay and one sample (station 13) west of
Birch Bay in which mean survival was significantly lower than in the controls. Also, there were two
stations within Drayton Harbor in which urchin fertilization was significantly reduced in both 100%
and 50% porewater concentrations (station 2) or in all three porewater concentrations (station 3).

In the Bellingham Bay area, there were two samples (from stations 28 and 60) in which amphipod
survival was significantly reduced (Figure 5). There was no significant toxicity apparent in the
urchin fertilization tests in this region. In the Samish Bay/Anacortes area (Figure 6), amphipod
survival was significantly reduced in two samples (stations 40 in Samish Bay and 42 in inner Padilla
Bay) and there were two stations in which urchin fertilization was significantly reduced in only the
100% pore water (stations 43 in inner Padilla Bay and 51 in inner Fidalgo Bay).

Amphipod survival was significantly reduced in samples from three stations in the Oak Harbor area
(Figure 7); one each in Skagit Bay (station 62), Oak Harbor (station 69), and Penn Cove (station 71).
However, none of these samples was toxic in the urchin fertilization tests.

All but one sample (station 82, Port Susan) were non-toxic in the Saratoga Passage/Port Susan area
(Figure 8). Non-toxic conditions continued southward into Port Gardner Bay (Figure 9). One
sample collected in the lower Snohomish River (station 100) showed reduced urchin fertilization in
the tests of 50% and 25% pore water, but, curiously, not in the test of 100% pore waters.

Two of the samples from inner and mid-Everett harbor (stations 87 and 90) displayed significantly
reduced toxicity in the amphipod survival tests (Figure 10). All nine samples from the Everett
Harbor/East Waterway vicinity were toxic in at least the tests of 100% pore water; one was toxic in
both 100% and 50% pore water (station 89), and four showed high toxicity in tests of all porewater
concentrations (stations 90, 91, 92, 93). Collectively, these samples were the most toxic in the
urchin fertilization tests. However, as shown in Figure 9, toxicity diminished rapidly beyond the
mouth of the harbor into Port Gardner Bay.

Microbial Bioluminescence (Microtox™)

In this test the amount of sediment extract needed to induce a 50% reduction in bioluminescence was
calculated as the endpoint. Results of this test are illustrated as histograms for each station. EC50
concentrations often were lowest within or near urban harbors of the study area.

Samples from Drayton Harbor and the lower reaches of Boundary Bay provided relatively low
EC50s (generally less than 5.0 mg/ml, Figure 11). Most of the samples from the Birch Bay area and
stations 10 and 13 west of Birch Bay had considerably lower EC50s than those collected further
north. Two of the three samples collected in stratum 6 near Cherry Point had relatively high EC50s.

A wider range in response was apparent among the samples from Bellingham Bay (Figure 12). The
EC50s for samples from stations 28, 32, and 34 were 0.6, 0.5, and 0.5 mg/ml, respectively, the
highest measures of toxicity in these seven strata. Station 28 was located in the highly urbanized
Whatcom Waterway, whereas stations 32 and 34 were located toward the outer reaches of the bay
and, therefore, farther from potential sources. All three stations in stratum 11, the outer bay,
showed relatively high toxicity. Other strata in which Microtox™ tests showed relatively low

84



EC50 values (i.e., higher toxicity) were strata 9b, 10, and 12 (with the exception of station 36,
which had the highest EC50 value for these seven strata). Two stations (26 and 27) within
stratum 9a were among the least toxic and two stations (35 and 37) within stratum 12 were
among the most toxic.

An equally wide range in response was apparent in the Anacortes area (Figure 13). EC50s
ranged from 0.5 mg/ml in station 41, to 21 mg/ml in station 38. Samples from station 40 in
Samish Bay and stations 41-43 in Padilla Bay were among the most toxic. Also, samples from
stations 49-54 collected near March Point and Anacortes were relatively toxic. As expected,
samples from stations 56-58 collected in Guemes Channel were among the least toxic.

All three samples from stratum 23 (Oak Harbor), all three samples from stratum 22 (northern
Saratoga Passage), and two samples from Penn Cove were among those that were either
moderately or highly toxic (EC50s< 2.5mg/ml) in the Oak Harbor/Skagit Bay area (Figure 14).

In central Saratoga Passage, EC50s ranged from 3.8 to 4.2 mg/ml (indicative of a moderate
response), whereas in southern Saratoga Passage and Port Susan, EC50s were 6.7 to 77.7 mg/ml -
among the least toxic (Figure 15). Continuing southward, most samples from Port Gardner and
the Snohomish River provided EC50s of about 10 mg/ml or greater - indicative of a relatively
low response (Figure 16).

All nine of the samples from strata 29-31 in Everett Harbor and vicinity provided EC50s of less
than 1.0 mg/ml, indicative of the most toxic conditions (Figure 17). No strong spatial gradient in
the data was apparent, the results ranging from 0.4 to 0.9 mg/ml. Among all regions included in
the survey, these samples had consistently the lowest EC50 concentrations.

Cytochrome P450 RGS

Results of this test are illustrated as histograms for each station. High values are indicative of the
response to the presence of organic compounds, such as dioxins, furans, and PAHs in the
sediment extracts. Data are shown as benzo[a]pyrene equivalents. Concentrations greater than

15.7 ug/g exceed the upper 95% confidence interval of historical data from previous surveys
(n=451).

Data from the Drayton Harbor/southern Strait of Georgia area indicated P450 induction was
highest in samples from the three stations in Drayton Harbor and one station (station 6) west of
Drayton Harbor (Figure 18). All samples from Bellingham Bay provided relatively low RGS
assay responses, with the exception of two samples collected within inner Bellingham Bay
(stations 28 and 30) which indicated the presence of relatively high concentrations of organic
compounds (Figures 19 and 20).

In the Anacortes area, samples collected from the vicinity of March Point (stations 47-49 and
53-54) were more contaminated than those collected in most other stations (Figure 21). There
appeared to be a pattern of relatively high RGS assay responses in the vicinity of March Point
heading northeastward into Padilla Bay. Samples from Fidalgo Bay (stations 50-52) and
Guemes Channel (stations 56-58) were among the least contaminated. However, none of the
assay responses exceeded 15 pg/g.
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All samples collected in strata 21-24 near Oak Harbor and strata 25-27 in Saratoga Passage/
Port Susan provided very low RGS assay responses, indicative of relatively non-contaminated
conditions (Figures 22 and 23). This pattern of relatively low contamination continued
southward (Figure 24) into Possession Sound and Port Gardner Bay. However, the RGS assay
response in the sample from station 97, west of Everett Harbor, was 22.9 pg/g- a relatively high
value.

Samples from Everett Harbor provided RGS assay responses distinctly different from those seen
in all other stations. RGS responses in all nine samples exceeded 16 ug/g (Figure 25). The
sample from station 86 had the highest response (202.2 pg/g). This is the second highest
response observed thus far in the NOAA studies performed nationwide (n=530). Follow-up
chemical analyses on this sample indicated it contained elevated levels of dioxins. Although all
nine stations within strata 29-31 had very high RGS assay responses, concentrations generally
decreased southward into stratum 31. The results were very similar, ranging from 28.7 pug/g to
29.2 ng/g among the three samples from stratum 31. RGS responses quickly decreased to
background levels in Port Gardner Bay.

Summary

Overall, the data from the Microtox™, Cytochrome P450 RGS, and sea urchin fertilization tests
indicated that samples from Everett Harbor were clearly the most toxic relative to those from
other locations. Urchin fertilization success was lowest, microbial bioluminescence was reduced
to the greatest degree, and RGS assay responses were highest in samples from strata 29-31 in the
Everett Harbor area. However, none of the amphipod survival tests was significant in these
samples.

Less severe toxicity was observed in at least one toxicity test in other stations scattered
throughout the survey area, notably in some stations in Drayton Harbor, in southern

Boundary Bay, in Whatcom Waterway and other regions of Bellingham Bay, near March Point,
and in Oak Harbor. Samples from Saratoga Passage, Possession Sound, and most of

Port Gardner Bay were among the least degraded in these tests.

Spatial Extent of Toxicity

Estimates of the spatial extent of toxicity for the four tests performed on sediments from the
northern Puget Sound stations were calculated and are displayed in Table 12.

For amphipod survival, the mean percent survival in all 100 samples exceeded 80% of the CLIS
controls; therefore, the spatial extent of toxicity was 0%. In the sea urchin fertilization tests,
mean fertilization success was less than 80% of Redfish Bay controls in samples that represented
40.6 km? (equivalent to 5.2% of the total area sampled) in tests of 100% pore water. The spatial
extent of toxicity was 1.5% and 0.8% in tests of 50% and 25% pore water, respectively.

Four spatial extent values were generated for microbial bioluminescence, including comparison
of results to the critical value of 80% of the Redfish Bay and the phenol-spiked control, and
comparison to the two new critical values generated representing the 80% and 90% lower
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Table 12. Estimates of the spatial extent of toxicity in four independent tests performed
on 100 sediment samples from northern Puget Sound.

Toxicity test "Toxic' area (km?) Percent of total
(773.9 km®) area

Amphipod survival # 0.0 0.0
Urchin fertilization 4
* 100% porewater 40.6 5.24
* 50% porewater 11.5 1.49
* 25% porewater 5.9 0.76
Microbial bioluminescence
e relative to control ® 761.9 98.45
* relative to control + 648.3 83.76
phenol €
e relative to 80% LPL of 17.7 2.29
0.5Img/ml ®
e relative to 90% LPL of 0.0 0.0
0.06mg/ml *
Cytochrome P450 RGS
* relative to 80% UPL of 20.10 2.60
11.1pg/g*
e relative to 90% UPL of 0.22 0.03
37.1ug/g ©

A Critical value: mean survival or fertilization success < 80% of control

B Critical value: mean EC50 < 80% of control

€ Critical value: mean EC50 < EC50 for control spiked with phenol (15.2 mg/ml)

D Critical value: mean EC50 < 0.51 mg/ml (80% LPL with the lowest, i.e., most toxic, samples removed)

¥ Critical value: mean EC50 < 0.06 mg/ml (90% lower prediction limit (LPL) of the entire data set - NOAA surveys
+ northern Puget Sound data, n=1013)

F Critical value: > 11.1ug/g benzo[a]pyrene equivalents/g sediment determined as the 80% upper prediction limit
(UPL) following removal of 10% of the most toxic (highest) values from a database composed of NOAA data from
many surveys nationwide (n=530)

¢ Critical value: > 37.1ug/g benzo[a]pyrene equivalents/g sediment determined as the 90% upper prediction limit
(UPL) of the entire NOAA data set (n=530)
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prediction limits of the existing NOAA data sets (Table 12). Using the critical value of <80% of
the Redfish Bay controls, the spatial extent of toxicity in northern Puget Sound was calculated as
98.5%. Relative to the phenol-adjusted response in the Redfish Bay control, the estimated spatial
extent of significant toxicity in the Microtox™ tests was 83.8%. These data suggested that
toxicity in northern Puget Sound as measured with the Microtox™ tests was very widespread.
However, the Microtox™ test results for the control samples from Redfish Bay (EC50=102.9
mg/ml) in this study differed considerably from those from previous tests of sediments from the
Redfish Bay site (typically EC50s 20-30 mg/ml) and they differed from those obtained in tests of
other control sites (typically EC50s 1-10 mg/ml) tested in previous NOAA surveys (Long et al.,
1996). Estimates of the spatial extent of toxicity based upon the two new 80% and 90% LPL
critical values were 2.3% and 0.0%, respectively, and suggested that relatively severe toxicity in
this test was much more restricted in scope than estimated with the critical value of <80% of
control.

Calculations of values of the spatial extent of toxicity for the northern Puget Sound Cytrochrome
P450 RGS sediment data, using the 80% and 90% upper prediction limits calculated for the
NOAA data set, indicated that strata in which responses were greater than 37.1 pug/g or 11.1 ug/g
represented 0.2 km?* (0.03% of the total) and 20.1 km? (2.6% of the total), respectively

(Table 12). These results suggest that, as observed in the Microtox™ tests, relatively severe
toxicity was restricted in scope.

Concordance among Toxicity Tests

Non-parametric, Spearman-rank correlations (rho) were determined for combinations of different
toxicity test results to quantify the degree to which these tests showed the same spatial patterns in
toxicity response (Table 13). In this analysis, it is critical to identify whether the correlation
coefficients are positive or negative. With the amphipod, urchin and Microtox™ tests, sediment
quality improves as the test results (expressed as either survival, fertilization success, or EC50s)
increase; however, sediment quality deteriorates with increases in the numerical results of the
Cytochrome P450 assay results. Therefore, with the former three tests, positive correlation
coefficients suggest the tests co-varied with each other. In contrast, co-variance with results of
the Cytochrome P450 test would be indicated with a negative sign.

Probably because results of the amphipod survival test covered a very small range, none of the
other toxicity test results showed a significant correlation with data from this test (Table 13).
Microtox™ test results, on the other hand, were significantly correlated with results from the
Cytochrome P450 RGS assay and the urchin fertilization test. The strongest correlation was
between results of the Microtox test and the urchin fertilization test (rho=0.360, p=0.0003,
n=100); indicating these two tests identified similar patterns in toxicity among the sampling
stations. The degree of concordance among toxicity tests was similar to that observed by NOAA
in New York Harbor, Boston Harbor, Biscayne Bay, Tampa Bay, and other survey areas.
Generally, with the exception of the amphipod survival test, the different tests indicated
overlapping, but not duplicative patterns in toxicity.
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Table 13. Spearman-rank correlation coefficients for combinations of different toxicity
tests performed with 100 sediment samples from northern Puget Sound.

Amphipod Signifi- Microtox™  Signifi- Cytochrome Signifi-

survival cance Biolumine- cance (p) P450 cance
(p) scence RGS assay (p)
Amphipod
survival *
Microtox™ 4 0.160 ns
Cytochrome -0.081 ns -0.214 0.03*
P450
Urchin 0.162 ns 0.360 0.003#** -0.119 ns
fertilization *

A Data expressed as percent of control
*p<0.05

**p<0.01

**%p<0.001

ns = not significant (p>0.05)

Chemical Analyses

Results of the sediment chemistry analyses conducted for this survey are presented in the
following sections. Due to the large volume of data generated, brief summaries of the results are
included below, while either raw or summary data tables are included in the Appendices. As
stated earlier, all raw data can be obtained from the Ecology Sediment Monitoring Team’s web
site. The web site address is located on the inside cover of this report.

Grain Size

The grain size data are reported in Appendix D, Table 1, and frequency distributions of the four
particle size classes, % gravel, % sand, % silt, and % clay, are depicted for all stations in
Appendix D, Figure 1. From these data, sediment from the 100 stations can be characterized into
four groups (sand, silty sand, mixed sediments, and silt-clay) based on their relative proportion of
% sand to % fines (silt + clay)(Table 14). Gravel content was less than 1.0% in 86 of the
stations, with the highest values (ranging from 11.0-16.5%) occurring at four of the mixed
sediment stations.
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Table 14. Sediment types characterizing the 100 samples collected in 1997 from northern
Puget Sound strata.

Sediment type % sand % silt-clay % gravel (range | No. of stations
of data for each with this
station type) sediment type

Sand >80 <20 0.0-3.7 8

Silty sand 60 - 80 20 - <40 0.0-6.5 12
Mixed 20 - <60 40 - 80 0.0 -16.5 25
Silt-clay <20 >80 0.0-5.2 55

Over one-half (55%) of the stations sampled were comprised of sediments with a predominance
(>80%) of silt-clay particles, while the remaining 45% of the samples had sediments comprised
primarily of sand, silty sand, or mixed particles (8, 12, and 25% of the samples, respectively).

Total Organic Carbon (TOC), Temperature, and Salinity

Total organic carbon (TOC) and temperature measurements taken from the sediment samples,
and salinity measurements collected from water in the grab, are displayed in Appendix D,
Table 2. Values for TOC ranged between 0.13 — 9.91%, with a mean of 1.90%. Temperature
ranged between 10 — 15 °C, with a mean of 11.42°C. Salinity values ranged between

14 — 32 ppt, with a mean of 25.22 ppt.

Simultaneously Extracted Metals (SEM)/Acid Volatile Sulfides (AVS)

All acid volatile sulfide data were qualified by the laboratory as estimated, due to the erratic,
unreproducible results generated from the procedure and instrumentation. Although the data
quality for the simultaneously extracted metals (SEM) samples was very good, all SEM/AVS
data were discarded, because SEM/AVS ratios could not be generated.

Metals and Organics

Appendix D, Table 3 contains a summary of metal and organic compounds data, including mean,
median, minimum, maximum, range, total number of values, number of undetected values, and
the number of missing values. Compounds which, at some or all stations, were undetected at the
quantitation limits reported by the laboratory included 8 of 24 metals (strong acid digestion
method), 6 of 24 metals (hydrofluoric acid digestion method), 3 of 4 organotins, 50 of 52 organic
compounds quantified through BNA analyses, 14 of 27 low and high molecular weight
polynuclear aromatic hydrocarbons, and all 55 chlorinated pesticide and polychlorinated biphenyl
(PCB) compounds.
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Spatial Patterns in Chemical Contamination

Stations where chemical concentrations exceeded either the SQS, CSL, ERL, or ERM sediment
guideline concentrations were highlighted on strata maps (Figures 26-46). There were five
stations among the 100 sampled in which at least one trace metal concentration equaled or
exceeded an SQS value (Figure 26). In the sample from station 94 (stratum 31, mouth of
Everett Harbor), the concentration of zinc (776 ppm) exceeded only the SQS value (410 ppm).
The concentrations of arsenic (205 ppm) and copper (464 ppm) exceeded both the SQS

(57 and 390, respectively) and CSL (93 and 390, respectively) values. The concentrations of
mercury (0.43 to 0.81 ppm) exceeded the SQS value (0.41 ppm) in the samples from station 9
(stratum 3, West Boundary Bay), and stations 27 and 28 (stratum 9A) and station 60 (stratum 9B)
in Bellingham Bay. The mercury concentration in the sample from station 9 also exceeded the
CSL of 0.59 ppm. One or more trace metals exceeded ERM concentrations at two stations; one
in southern Boundary Bay and one in Everett Harbor (Figure 27).

Concentrations of one or more individual LPAHs exceeded respective ERL values in samples
from strata 9A, 9B, 10, 11, and 12 in Bellingham Bay (Figure 28); stratum 17 near Anacortes
(Figure 29); strata 29, 30, and 31 in Everett Harbor (Figure 30); and strata 28, 32, and 33 in
Port Gardner Bay (Figure 31). In addition, the concentrations of one or more individual LPAHs
exceeded ERM values in samples from stations 86, 89, 92, 93, and 94 - all in Everett Harbor
(Figure 30). Concentrations of the sum of 7 LPAHs exceeded the ERM value in eight samples:
those from stations 86-90 and 92-94 in Everett Harbor.

Concentrations of high molecular weight PAHs (HPAHs) followed a pattern similar to that for
the LPAHs. One or more HPAHs exceeded the ERL values in samples from strata 9A and 9B in
Bellingham Bay (Figure 32); stratum 17 near Anacortes (Figure 33); and strata 29, 30, and 31 in
Everett Harbor (Figure 34). ERM concentrations were exceeded in samples 86, 89, 90 and 92
only from Everett Harbor stations (Figure 34), but, unlike the LPAHs, not in Port Gardner Bay.
The concentration of the sum of 6 HPAHs exceeded the ERM value (9600 ppb) in the sample
from station 86 (15,727 ppb).

Chlorinated pesticides and PCB values exceeded ERLs at 4 stations from Bellingham Bay, all
stations except station 86 from Everett Harbor (strata 29, 30, and 31) and one station in Port
Gardner Bay. The ERM values were exceeded at station 86 (Figures 35 and 36). The SQS
criteria were also exceeded at station 86 (not displayed).

Benzoic acid concentrations were elevated relative to state CSL values in samples from southern
Boundary Bay, Oak Harbor, and Penn Cove (Figure 37). Samples from inner Everett Harbor
(Figure 38) also had high benzoic acid concentrations.

The concentrations of individual phenol compounds were elevated in many samples scattered
throughout the survey area. Concentrations exceeded the CSL value in sediments from

Drayton Harbor, southern Boundary Bay, parts of Bellingham Bay, Padilla Bay, Samish Bay,
Fidalgo Bay, Oak Harbor, Penn Cove, Saratoga Passage, inner Everett Harbor, and Port Gardner
Bay (Figures 39-45). Many other stations had phenol concentrations that exceeded the SQS
values, but not the CSL values.
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